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THE EFFECTS OF ENVIRONMENTAL CONTAMINANTS ON THE IMMUNE 
FUNCTIONS OF MARINE FLATFISH 
by 
Thomas H. Hutchinson 
ABSTRACT 
Given the widespread concern that chemical contaminants may be associated with infectious 
disease outbreaks in marine fish populations, work has been undertaken with the aim of developing 
a suite of non-specific and specific assays of marine fish immune function and the application of 
these techniques in a variety of field and laboratory investigations. Most of the work focused on 
dab, Limanda limanda (L.) in view of the importance of this species in several North Sea fish 
disease monitoring programmes, and was also supplemented with investigations of specific 
immune function in turbot, Scopthalmus maximus (L.). 
Initial field studies examined non-specific immune function in teiTIJS of lymphoid organ 
morphology in dab sampled along a North Sea gradient of chemical contamination during the 
March 1990 ICES/IOC Bremerhaven workshop. Significant differences were observed in the 
kidney and spleen ceU populations from dab, and these observations were considered in view of 
the various other physico-chemical and biological results generated during the Bremerhaven 
workshop. FoUowing the valuable experience gained of the practical aspects of the field 
monitoring approach, laboratory investigations were initiated with the aim of developing a suite of 
immune function assays for deployment in either laboratory or field studies of marine fish health. 
Assays for non-specific immune functions were considered, including serum protein and lysozyme 
levels, methods of phagocyte collection, phagocyte chemiluminescence, calorimetric detection of 
individual reactive oxygen species and in vitro cell migration assays. Additional field work was 
undertaken, with the monitoring of serum total protein levels and lysozyme activity in dab sampled 
from Lyme Bay, UK This study provided evidence of a marked seasonal variation in non-specific 
immune function, which appeared to be associated with environmental factors (e.g. water 
temperature) and the reproductive cycle. 
Selected non-specific assays were applied to dab and turbot exposed under controlled laboratory 
conditions to a variety of important marine contaminants, including cadmium, polycyclic aromatic 
hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs), and the biological data integrated 
with appropriate chemical characterisation of the exposure matrix. Using cultured turbot as a test 
species, the non-specific assays were also supplemented with the assay of specific immune function 
in ftsh exposed to PCB contaminated sediments. In brief, there was evidence of significant 
impairment of immune function in fish exposed to either individual contaminants (viz. cadmium 
and PAHs) or contaminant mixtures (viz. PAHs and PCBs) under the laboratory conditions 
described. In summary, the project was successful in its primary aims of developing a suite of 
techniques for evaluating both ceUular and humoral immune functions in marine flatfish, and 
applying these techniques in the laboratory to assess the impact of important classes of 
environmental contaminants on fish health. Selected techniques were also used in field monitoring 
studies of marine fish immune function, illustrating the potential of such techniques for use in 
future laboratory and field studies of fish health. 
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CHAPTER I 
GENERAL INTRODUCTION 
In recent years, there has been a developing awareness of the contamination of many coastal 
ecosystems with anthropogenic chemicals, with the associated concern over the potential for such 
contaminants to impair the health of aquatic organisms inhabiting these areas. In Europe, research 
into this issue developed steadily from the 1970s onwards as some workers reported high 
prevalences of infectious disease in fish stocks sampled from areas of the Irish Sea and North Sea 
which, at that time, received significant inputs of municipal and industrial waste discharges 
(Perkins et al., 1972; Dethlefsen, 1980; Bucke, 1988). During the same period, other research 
groups reported similar associations between epizootics of pathogenic and cancerous disease in 
fish collected from contaminated marine and estuarine ecosystems in North America (reviewed by 
Sindermann, 1979) and also in South East Asia (Oishi et al., 1976). 
Many published studies also include reports of marked species differences in disease 
prevalences, with many infectious conditions and tumours being relatively common in benthic 
flatfish species (Family Pleuronectidae). In North America for example, starry flounder, 
Platichthys stellatus (L.), and English sole, Parophrys vetulus (L.), appear to be particularly 
susceptible to infectious disease (Ziskowski and Murchelano, 1975; Wellings et al., 1976; Malins 
et al., 1984, 1987), while in the North Sea and Baltic Sea, species with the highest disease 
prevalences include dab, Limanda limanda (L.), and European flounder, Platichthys flesus (L.). 
In Europe, such observations have led to the co-ordinated use of these sentinel species for marine 
environmental quality monitoring programmes (Anonymous, 1989; Vethaak and ap Rheinallt, 
1992). 
Of the wide range of infectious diseases that have been observed in marine flatfish, 
perhaps the most commonly reported conditions include epidermal papillomas, epidermal 
ulcers, fin rot and lymphocystis (reviewed by Sindermann, 1979, 1990; Vethaak and ap 
Rheinallt, 1992). A number of neoplastic conditions have also been observed in several 
organs, notably the liver, of fish sampled from certain contaminated areas. While such 
cancerous lesions are probably of a more direct chemical aetiology than are the infectious 
diseases mentioned (Mix, 1986), it is also known that the immune system of vertebrates has 
an important role in the surveillance and destruction of tumour cells (Woodruff, 1982; 
Sulitzeanu, 1993). Indeed, it appears that non-specific suppression of immune function in 
certain marine teleost species is associated with high prevalences of tumour development in 
the affected populations (Schmale and McK.inney, 1987). On the other hand, it is now 
recognised that some pathogen infections can lead to endogenous mutagen formation and, 
potentially, subsequent cancer development in vertebrates (Halliwell and Gutteridge, 1989; 
Isola et al., 1993; Gentile and Gentile, 1994). 
While there is convincing field evidence that prevalences of certain diseases of fish and 
shellfish may be closely associated with certain classes of chemical contaminants, in many 
other instances, it is not possible to draw sufficiently clear conclusions due to the presence of 
confounding factors which are common to the majority of field investigations. For example, 
it is well known that a wide variety of natural environmental factors can act as stressors, 
leading to outbreaks of infectious diseases in fish populations (Snieszko, 1974; Sindermann, 
1979, 1990). It is widely acknowledged, therefore, that to adequately understand the 
potential cause-effect relationships behind such associations of contamination and fish disease, 
there is a need to undertake laboratory investigations which are complementary to the field 
monitoring of fish diseases (Mix, 1986). In this respect, there have been several laboratory 
studies wherein various disease lesions were observed in fish exposed to chemical 
contaminants (reviewed by Sindermann, 1979, 1990). In marine fish, notable examples 
include outbreaks of parasite infection in marine fish exposed to crude oil (Khan, 1990), while 
2 
Vethaak and eo-workers have observed outbreaks of infectious disease in flounder held on 
contaminated harbour dredgings (Vethaak, 1993). Nevertheless, there remains a relative 
scarcity of laboratory data on the potential role of contaminants in the aetiology of infectious 
and cancerous disease in fish. To put this in context, the summary and conclusions to the 
recent ICESIIOC Bremerhaven workshop, included the statement that "the most important 
requirement to demonstrate the sequence of events and the levels of contamination eapable of 
causing fish disease is laboratory experiment, supplemented by epidemiological studies in the 
environment" (Stebbing et al., 1992). 
A further generic aspect of many investigations seeking to address the potential 
impact of chemical contaminants on aquatic ecosystem health is that of the appropriate levels 
of biological organisation which should be addressed. It is widely recognised that the 
fundamental interactions between organisms and chemicals present in their environment is on 
a molecular scale, with toxic effects occurring first at the biochemical level, continuing to the 
whole organism and ultimately to the population and ecosystem levels (Sindermann, 1990) 
(Figure 1.1). While there are often practical limitations in addressing all these organisational 
levels with regard to a given contaminant situation, it is generally desirable to target those 
levels of biological organisation which are likely to respond rapidly to toxicant exposure, 
while also seeking to establish their relevance to higher levels of biological complexity. This 
conceptual framework may also be usefully employed in attempting to define a strategy 
towards a better understanding of the significance of environmental contaminants and marine 
fish health. 
Prefaced by these arguments for complementary field and laboratory studies of 
environmental contamination and marine fish health, together with the need to consider the 
optimal levels of biological organisation for investigation, it is apparent that the evaluation of 
marine fish immune function may offer a valuable means of approaching this issue. Indeed, 
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Figure 1.1 Temporal and ecotoxicological sequence of potential stress effects in 
fish (adapted from Sindermann, 1990). 
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this need has been recognised by some international organisations through their request for 
the development of robust tests of marine fish immune function for use within established 
coastal environmental monitoring programmes (Anonymous, 1991 ). 
In seeking to define a comprehensive strategy for investigating the potential effects of 
environmental contaminants on marine fish immunocompetence, it is first necessary to consider the 
range of immune functions that are important in teleosts for maintaining an effective defence 
against pathogens, including bacteria, fungi, parasites, protozoa and viruses (Figure 1.2). The 
immune system of marine and freshwater teleosts, like that of mammals, consists of both non-
specific and specific immune functions. Initial non-specific barriers to infectious agents include the 
scales and the skin and gut mucosa, from which there is a constant production of mucus containing 
a range of non-specific humoral factors (including C-reactive protein, Iectins, lysozyme, transferrin, 
etc.) (Alexander and Ingram, 1992). If these initial barriers are breached by an infectious agent, 
these humoral factors continue their efforts to limit the infection and are supplemented by a further 
important non-specific defence mechanism, termed the inflammatory response. The inflammatory 
reaction in fish involves the accumulation of granulocytes at the site of injury, followed by an influx 
of monocytes and lymphocytes. The migration of leucocytes towards the localised infection is 
enhanced by several host-derived chemoattractants (including serum factors, possibly complement 
fragments, cytokines and eicosanoids) or possibly by chemoattractants derived from the pathogen 
itself (Nash et al., 1986). Once at the site of infection, the host's phagocytic cells (primarily, 
rnacrophages and monocytes, with support from selected granulocytes) follow a sequence of 
pathogen recognition, attachment, engulfment, killing and digestion, in a process involving the 
production of reactive oxygen species (ROS) (Secombes and Aetcher, 1992). 
In contrast to the 'on-demand' resources of the non-specific immune functions, specific 
immunity in teleosts and other vertebrates involves antigen recognition and the production of an 
induced reaction. Specific immunity, therefore, includes an afferent component (which receives 
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Figure 1.2 Immune response pathways in fish (after Sindermann, 1990). 
and processes the invasive agent) followed by an efferent component (responsible for antibody 
production and leucocyte activation) (Ellis, 1989; Manning, 1994). Influenced by previous 
observations in mammals, early research in fish immunology focused upon specific defence 
mechanisms with a view to vaccine development for use in aquaculture (Cushing, 1970). It 
became apparent, however, that non-specific defence mechanisms can play a more significant role 
in disease resistance in teleosts than appears to be the case in mannnals. For example, although 
antibody production in vaccinated fish is widely recognised, elevated levels of agglutinating 
antibody have not always been shown to correlate with disease resistance (Cipriano, 1982; Munn 
et al., 1982). It has also been shown that injection of adjuvant alone (e.g. Freunds Complete 
Adjuvant) can provide some protection against disease (Oliver et al., 1985), whilst vaccination 
against one pathogen can provide limited protection against other infectious agents (Oliver et al., 
1986). It appears, therefore, that non-specific as opposed to specific immunity in fish could have a 
relatively more significant role in providing effective disease resistance than is the case in mammals 
(Ellis, 1982, 1989). 
Although perhaps less abundant than the published data on disease prevalences in 
marine fish sampled from contaminated areas, there are also a limited number of reports on 
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non-specific immunocompetence of fish sampled from a variety of coastal areas. For example, 
Weeks and Warriner ( 1986) reported impaired phagocytic activity by macrophages of different fish 
species (Leiostomus xantlumts L. and Trinectes maculatus L.) sampled from contaminated areas 
of the Elizabeth River, Virginia, USA. Similarly, Weeks et al., (1990) observed a reduction in 
bacterial cell ingestion and macrophage chemotaxis from fish (Opsanus tau L.) collected from 
contaminated sites within the same coastal area. In contrast, however, Seeley and Weeks-Perkins 
(1991) failed to observe a relationship between envirorunental contaminants and non-specific 
immune function in fish (0. tau L.) also sampled from the same area. Similar studies in Europe 
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have reported evidence of immune dysfunction in fish (Zosterisessor ophiocephalus L.) collected 
from contaminated areas of the Venice Lagoon, Italy (Pulsford et al., 1995). 
There is also a steadily increasing number of laboratory reports of impaired immune 
function in marine and estuarine fish due to in vivo exposure to environmental contaminants. 
Published studies relate to heavy metals (Elsasser et al., 1986), organotins (WIShovsky et al., 
1989), contaminated sedirnents (Hargis et al., 1984; Bucke et al., 1989; Field, 1990; Tahir et al., 
1993), pesticides (Falk et al., 1990), petroleum compounds (Khan, 1990) and sewage sludge 
(Secombes et al., 1991, 1992). Recent laboratory studies have also reported that individual P AHs, 
PCBs or contaminated harbour dredgings may also impair immune function in other marine 
organisms, including bivalve molluscs (Coles et al., 1994; Pipe et al., 1995) and crustaceans 
(Smith and JohriSton, 1992; Smith et al., 1995). 
In some instances, however, there has not been a clear dose-response for certain immune 
functions, with paradoxical effects being observed within laboratory experiments (Robohm, 1986). 
Such immunotoxicity studies have traditionally been designed, however, with regard to 
conventional dose-response relationships and emphasis on central tendencies. In future, the 
trends within data collected from such studies may possibly be explored further through the 
analysis of inter-individual variation (Bennett, 1987; Depledge, 1990). 
As impairment of immune function at the cellular level is well-known as a precursor to 
several serious pathogenic infections and neoplasia in a range of vertebrate species (Ward, 1974; 
Heise, 1982), immunotoxicologists traditionally use a series of morphological and functional 
assays for both cellular and humoral immune function (Table l.l). While this strategy has been 
developed primarily with a view to protecting human health, the same tiered approach has also 
been recommended in order to identify the potential for chemicals to have adverse effects on the 
immune system of fiSh (Anderson, 1990). 
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Parameter 
Immunopathology 
Procedures performed 
Haematology - complete blood count and differential 
leucocyte counts. 
Lymphoid organ weights, histology and cellularity. 
Non-adaptive immune function:-
Cell mediated immunity Monitor phagocytic activity. 
Measure respiratory burst capacity 
(e.g. NBT, FCC or chemiluminescence assays). 
Humoral immunity Measure serum lysozyme activity by the turbidimetric bacterial 
assay. 
Assess serum complement by erythrocyte haemolysis assay. 
Measure C-reactive protein by 'rocket' electrophoresis. 
Adaptive immune function:-
Cell mediated immunity Examine T-cell proliferation capacity using mitogens such as 
phytohaemaglutanin or concanavalin A. 
Humoral immunity 
Analyse for chemotactic factors by cell migration assay. 
Examine B-cell proliferation capacity using mitogens such as 
lipopolysaccharide or PPD. 
Measure specific antibody by ELISA. 
Table 1.1 A tiered approach to imrnunotoxicity assessment (after Dean et al., 1982). 
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2.1 Selection of Fish Species 
CHAPTER2 
GENERAL METHODS 
2.1.1 Dab, Limanda limanda (L.) 
Based on the attributes described in Chapter 1, the dab, Limanda limanda (L.) (Family 
Pleuronectidae) was selected as the primary species of interest for use both in the current field 
monitoring and in laboratory investigations (Figure 2.1 ). This species is distributed 
throughout the coastal seas of northern Europe and is considered to be the most numerically 
abundant benthic fish species in the North Sea (Jiming, 1982). Despite being a close relative 
of other commercially important pleuronectids such as plaice (Pleuronectes platessa L.), by 
comparison dab are of limited commercial value. This status as a non-conunercial species 
means that the significant by-catch of dab is discarded by trawlers, whereupon some fish may 
survive (predictably stressed and often physically damaged) and subsequently develop 
infectious lesions (Ludemann, 1993). 
In North Sea dab populations, spawning is considered to occur in the nursery areas 
located in the shallow waters along the continental European coast (e.g. Wadden Sea). After 
the pelagic embryos and larvae are distributed by the tidal streams over a broad area, they 
develop into post-larval flatfish which, having lost their swim bladder, join the benthic 
communities (Wheeler, 1969). Reported to feed on a highly varied diet of benthic 
invertebrates and small fish, dab have been reported to reach a maximum size of 
approximately 25 - 30 cm total length (probably 5 - 6 years old), while specimens as small as 
12 - 15 cm (probably 2 - 3 years old) may develop sexual characteristics. Although it is 
11 
probable that dab, like plaice, make use of selective tidal transport to reach their feeding, 
spawning and nursery grounds (De Veen, 1978), dab are considered to be a relatively 
stationary over short periods and so being more suitable for environmental monitoring 
purposes than are the more mobile pelagic fish species (Lee, 1972; Rijnsdorp et al., 1992). 
For the majority of experiments, dab (approximately 13 - 18 cm total length) were 
collected from Lyme Bay (within 8 km of Berry Head, Devon), using a 3 m beam trawl with 
tows of approximately 15 min duration. For the sediment exposure studies, dab were caught 
in traps from the Maplin Sands, Essex. On arrival at the laboratory, fish were held for several 
days for acclimation to test temperature. All dab were observed to be healthy at the start of the 
investigations. Dab were fed a mixed diet of chopped oligochaetes, mussels and trout pellets 
throughout the holding and experimental periods (see subsequent chapters for full details). 
2.1.2 Turbot, Scophthalmus maximus (L.) 
Turbot, Scophthalmus maximus (L.) (Family Bothidae) were also chosen for use in selected 
laboratory studies where it was important to know the life history of the test organisms, 
therefore excluding the use of wild fish. In view of the high commercial value of turbot, there 
has been dramatic progress in the culturing of this species during recent years, making it 
possible to obtain disease-free turbot of a defined age and size from a variety of commercial 
sources (Wheeler, 1969). 
In European coastal waters, turbot are much less abundant than are dab, probably due 
to natural factors and commercial fishing pressure. While there are few published data 
available, it appears that turbot appear to be relatively free from the types of infectious lesions 
which are regularly observed in other marine flatfish species (Hutchinson and Craig, 1992). 
Predictably, therefore, turbot are not routinely used for environmental monitoring purposes, 
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although they are employed increasingly for laboratory purposes in marine environmental 
hazard assessment. 
For the current studies, juvenile turbot (approximately 4 -5 cm total length) were 
obtained from the aquaculture facilities of Golden Sea Produce Limited, West K.ilbride, 
Scotland (Figure 2.2). On arrival from the supplier, the fish were held for 7 days in 
quarantine tanks for acclimation to test temperature prior to testing. All fish were observed 
to be healthy at the start of the experiments and were fed on 'catfish pellets' (J.M.C. 
Aquatics, Sheffield, UK) throughout the holding and experimental periods. 
2.2 Fish Holding Conditions 
For routine purposes, the holding tanks made of glass, together with a minimum quantity of 
silicone rubber tubing. Tanks (700 mm x 320 mm x 380 mm ; L x W x H) with a working 
volume of 75 I (Figures 2.3 and 2.4). The sides of the tanks were covered in black plastic and 
glass lids were provided. The laboratory photoperiod was 16 h light: 8 h darkness, with 
dawn-dusk sequences at 06:00 and 22:00 h. 
The holding tanks were then supplied with approximately three volume replacements 
per day of natural sea water (salinity approximately 34 %o), drawn from a submerged intake in 
Tor Bay, Devon, filtered to I 0 1-1m and controlled to 15 ± l °C prior to reaching the tanks. 
Gentle aeration was also provided in order to maintain water quality. Sea water flow rates 
were measured weekly, as were the pH, dissolved oxygen and temperature values within the 
holding tanks. Measurements of pH were taken using a Coming Model 7 meter. Dissolved 
oxygen values were taken using a Yellow Springs Instruments dissolved oxygen meter Model 
SIB. Water temperature was determined using a mercury-in-glass thermometer. Salinity was also 
measured daily using an ElL (Kent) type MC5 model5005 salinity bridge. 
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Figure 2. 1 Dab, Limanda limanda (L.). Scale bar = 1. 0 cm 
Figure 2.2 Turbot, Scophthalmus ma.ximus (L.). Scale bar= 1.0 cm 
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Figure 2.3 Laboratory aquarium system for holding fish and conducting toxicant exposures. 
Figure 2.4 Close up of a single dosing channel for conducting the toxicant exposures. 
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2.3 Fish Necropsy Procedures 
In the field monitoring studies, dab were sacrificed with a single blow to the head, while fish used 
in laboratory investigations were lethally anaesthetised with ethyl-4-amino-benzoate ('Benzocaine' 
purchased from Sigma. Poole UK; prepared in acetoneffween® 80 as a 20g per 100 mi solution 
and used at a working concentration of 50 mg.r1). Peripheral blood was collected from the 
severed caudal peduncle using either a heparinised glass capillary tube or via a non-heparinised 
250 needle fitted to a 1.0 ml syringe. After exsanguination, the abdominal organs were carefully 
removed and wet weighed. Where appropriate, selected lymphoid organs were retained for assays 
of in vitro leucocyte immune function (see below) or were fixed in 10% (v/v) phosphate buffered 
fonnalin for subsequent histological analysis (Roberts, 1989). The lengths and wet weights of the 
fish were also routinely recorded. 
2.4 Secondary Lymphoid Organs in Dab and Turbot 
While the thymus is recognised as being the primary lymphoid organ in teleosts (Manning, 1994), 
it was not possible to reliably locate this organ in fish of the age used throughout this study. 
Therefore, the secondary lymphoid organs, namely the kidney and spleen, were used as a source of 
experimental material throughout the current investigation. 
In dab and turbot, the kidney is an elongated, flattened structure positioned along the wall 
of the peritoneal cavity, adjacent to the spine. Both species are, therefore, considered to have a 
Type Ill kidney (Cleveland and Trump, 1969), which includes the anterior region made of two 
slender branches (the head kidney) and a fused posterior portion (the trunk or tail kidney). The 
head kidney contains lymphoid, haemopoeitic and renal tissue, while the trunk region contains 
variable quantities of haemopoeitic and pigment cells amidst the tubules and vascular spaces. In 
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general, the head kidney function is primarily as a haemopoeitic organ whilst the trunk kidney 
undertakes an excretory role (Manning, 1994; Burrows, 1995). Since, however, the head and 
trunk regions were not always obvious on examination, the entire kidney was routinely dissected 
out as a source of experimental material. 
The spleen of dab and turbot is typically dark red in colour and, in health, usually has a 
well defined surface which aids its identification and removal. The fibrous splenic capsule 
surrounds the splenic pulp, consisting of sinusoidal phagocytic tissue similar to that of the kidney. 
The spleen may also contain numerous erythrocytes and haemopoeitic tissue which is supported by 
fibrous tissue, being mainly (but not exclusively) lymphopoietic (Ellis et al., 1989; Burrows, 1995). 
2.5 Calculation of Condition Factor and Organ-Somatic Indices 
The condition factor was calculated for each fiSh based on the non-gutted weight (after Htun-han, 
1978). Condition factor ('K') = ( ( total body weight- gonad weight in g )/length in cm3 ) x 
100. 
According to the particular study, the organo-somatic indices were also calculated for the 
gonad, liver and spleen. The following calculations were then undertaken (based on wet weight): 
Gonado-Somatic Index ('GSI') = (weight of gonad in g/total body weight in g) x 100; Hepato-
Somatic Index ('HSI') =(weight of liver in g/total body weighting) x 100; Spleno-Somatic Index 
('SSI') =(weight of spleen in g/total body weighting) x 100. 
2.6 Preparation and Scoring of Blood Smears 
Blood smears were prepared by placing a small drop of peripheral blood (collected in a 
heparinised capillary tube as described in section 2.2) on a clean microscope slide and, using a 
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second clean microscope slide, pushed against the drop of blood to form a suitable thin smear 
(Dacie and Lewis, 1984). The blood smears were air dried at room temperature for 
approximately 30 min, fiXed in absolute methanol for 5 min and then stained with May-
Grunwald/Giemsa (Hudson and Hay, 1989). In brief, the fixed smears were in pH 6.8 Giemsa 
buffer for 5 min, transferred to May-Grunwald stain for 5 min, blotted dry and then stained in 
Giemsa solution for 15 min. After a final rinse in pH 6.8 buffer, the slides were air dried and 
mounted in DP:x® (Sigma Chemical Co., UK). 
Differential leucocyte counts were made for a minimum of 100 cells per smear using a 
Leitz Diaplan light microscope (magnification x1000). It is known that preparation of mammalian 
blood smears in the manner described herein leads to the concentration of granulocytes and 
monocytes towards the margins and tail of the smear, with lymphocytes tending to occur in the 
central area (Dacie and Lewis, 1991). Therefore, Ieucocytes were counted in multiple fields of 
view equally spaced along the length of the blood smear, taking care to avoid the extreme lateral 
edges, the central area and any areas of excessive cell congestion. Leucocytes were classified as 
either granulocytes, lymphocytes, monocytes or thrombocytes, according to the following 
published criteria (after Ellis, 1976 and 1977; Burrows and Fletcher, 1987; and Quentel and 
Obach, 1992): 
Granulocyte - round cell with curving 'bean' shaped, indented or segmented nucleus clearly 
delimited from the cytoplasm The homogeneous cytoplasm is neutrophilic or slightly 
basophilic, contains no visible granules and occupies 30-40% of the ceU volume (also 
termed: polymorphonuclear ceU; PMN cell). 
2 Lymphocyte - small round ceU with strongly basophilic cytoplasm The large round 
nucleus is centrally located and slightly indented and occupies approximately 85% of the ceU 
volume. The structure of the chromatin is dense and lumpy. 
18 
3 Monocyte - large, polymorphic cells with polymorphic nuclei. Both the cytoplasm and the 
nucleus stain weakly and contain many vacuoles. In some cells phagocytosed inclusions or 
pigments are evident (also termed: sinusoidal cell; stress lymphoid; monocytoid). 
4 Thrombocyte - small, often irregular shaped cell with neutrophilic cytoplasm These cells 
may be observed in at least four shapes - spiked, spindle, oval and lone nucleus forms. The 
nucleus is centrally located and slightly indented and occupies approximately 3040% of the 
cell volume. The structure of the chromatin is dense and lumpy. 
Representative examples of these cell types are presented in Figures 2.5 and 2.6. 
2. 7 Preparation and Scoring of Lymphoid Organ Imprints 
The kidney and spleen were carefully removed from the abdomen, each organ divided into two 
equal pieces with a clean scalpel, and tissue imprints prepared onto clean, grease-free, microscope 
slides by gently holding the organ in a pair of forceps and gently touching the slide with the freshly 
cut edge of the tissue (Ashley and Smith, 1963). This was continued until the tissue imprints were 
thin enough to dry almost immediately, minimising cell shrinkage. The imprints were air dried at 
room temperature for approximately 30 min, fixed in absolute methanol for 5 min and then 
stained with May-Grunwald/Giemsa as described in section 2.4. 
Differential cell counts were made for a minimum of 200 cells per smear using a Leitz 
Diaplan light microscope (magnification xlOOO) and cells were classified according to the 
following published criteria (after Ellis, 1977; Peters and Schwarzer, 1985): 
Haemoblast - large round cell in which the basophilic cytoplasm forms a narrow band 
around a large, spherical nucleus. The chromatin forms a loose irregular network and the 
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nucleus fills about 80-90% of the cell volume (also termed: granuloblast; stem cell; large 
blast cell; proerythroblast). 
2 Erythroblast - round or slightly ovoid cell with basophilic cytoplasm and round or slightly 
ovoid nucleus. Nucleus contains diffuse chromatin of varying density and fills 40-60% of the 
cell volume (also termed: erythroblast I and 11; polychromatic erythrocyte; small blast cell; 
proerythrocyte). 
3 Erythrocyte - oval cell with oval nucleus. The structure of the chromatin varies according 
to the maturation of the cell. 
4 Lymphocyte - small round cell with strongly basophilic cytoplasm The large round 
nucleus is centrally located and slightly indented and occupies approximately 85% of the cell 
volume. The structure of the chromatin is dense and lumpy. 
5 Granulocyte - round cell with curving 'bean' shaped, indented or segmented nucleus clearly 
delimited from the cytoplasm The homogeneous cytoplasm is neutrophilic or slightly 
basophilic, contains no visible granules and occupies 30-40% of the cell volume (also 
termed: polymorphonuclear cell; PMN cell). 
6 Macrophage - large, polymorphic cells with polymorphic nuclei. Both the cytoplasm and 
the nucleus stain weakly and contain many vacuoles. In some cells phagocytosed inclusions 
or pigments are evident (also termed: sinusoidal cell; stress lymphoid; monocytoid). 
Representative examples of these cell types are presented in Figures 2.7 and 2.8. In view of 
their low numbers, rnonocytes, plasma cells and thrombocytes were not counted in the lymphoid 
organ imprints, although these cell types have been observed in the teleost lymphoid tissues 
(Bodammer et al., 1990). The effects of sampling stress on leucocyte integrity may have been an 
important factor in this context. For example, it is known that marine fish thrombocytes 
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Figure 2.5 
Figure 2.6 
Peripheral blood cells of dab, L. limanda (L.) stained with May-Grunwald/Giemsa. 
Key: E - erythrocyte; G - granulocyte; L- lymphocyte; and T - thrombocyte. 
Scale bar = 1 0 1-1m 
Peripheral blood cells of turbot, S. maximus (L.) stained with 
May-Grunwald/Giemsa. Key: E - erythrocyte; G - granulocyte; L - lymphocyte; 
and T - thrombocyte. Scale bar = 10 1-1m 
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Figure 2.7 
Figure 2.8 
Kidney imprint from dab, L. limanda (L.) stained with May-Grunwald/Giernsa. 
Key: HB - haemoblast; EB - erythroblast; E - erythrocyte; G - granulocyte; 
L - lyrnphocyte; and MA - macrophage. Scale bar = l 0 ~m 
Spleen imprint from dab, L. limanda (L.) stained with May-Grunwald/Giernsa. 
Key: HB - haemoblast; EB - erythroblast; E - erythrocyte; G - granulocyte; and 
L - lyrnphocyte. Scale bar = I 0 ~m 
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are especially fragile and easily loose their cytoplasm when subjected to handling stress (Ellis, 
1977; Burrows, 1995). 
2.8 Serum Collection 
The blood sample (collected as described in section 2.2) was allowed to stand for one hour at 
15 ± 1 oc for clotting to begin and then stored overnight in a refrigerator (approx. 4°C) for 
complete clot retraction to occur. Next morning, the blood sample was centrifuged (10,000 
g; 5 min; I5°C) and the serum transferred into a clean microcentrifuge tube and either used 
immediately or stored at -26°C as required. 
2.9 Preparation of Leucocyte Suspensions 
For several of the assays of non-specific cellular immune function, it was first necessary to 
prepare a suspension of viable lymphoid cells in cell culture media. For this purpose, after 
exsanguination, the entire kidney or spleen was carefully removed (see section 2.5) and 
placed in a glass tissue homogeniser containing a suitable cell culture medium (see following 
chapters for details appropriate to each experiment), supplemented with 10 Units ml-1 of 
heparin and penicillin (lOO !lg ml-1)/streptomycin (lOO Units ml-1) (P/S). Following gentle 
homogenisation of the tissue, the supernatant containing the cells was collected in 10 ml 
sterile polystyrene tubes, centrifuged (400 g; 5 min; I5°C) and the supernatant discarded. 
The cells were washed twice in fresh cell culture medium (with heparin and PIS) and then 
resuspended at the required density. Viability of the cells was consistently above 95% based 
on the trypan blue exclusion method (Hudson and Hay, 1989). Unless specified otherwise, all 
reagents were purchased from Sigma Chemical Company, Poole, UK. 
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2.10 Statistical ~alyses 
Prior to .. comparing the• data from ;individual treatments, ithe· raw data were tested: agains( the 
aSsumptions: of'' normality and homogeneity of variance: Where these assumptions were 
satiSfied,, the data. were analysed using. itwocway ANOV:A:. (with 'P<0i05 or P:<O:Ol ), otherwise, 
results, were analysed ·using appropriate non~ parametric statistica[i techniques (Steel;. 1959;. Sokal 
aitd Rohlf,: 1981), 
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CHAPTERJ 
DEVELOPMENT OF TECHNIQUES 
3.1 General Introduction 
In contrast to those fish species that are of importance in aquaculture, there is a relative 
paucity of data on immune function in wild populations of marine fish. Given the major 
phytogenic differences between those fish species which have historically been the focus of 
much immunological research (namely, the Families Cyprinidae, Ictaluridae and Salmonidae) 
versus marine species within the Families Pleuronectidae and Bothidae, it is plausible that 
there may be significant differences in immune functions between these taxonornically diverse 
groups (Manning, 1994 ). It is also possible that there may be marked differences between 
populations of cultured fish which may be relatively inbred as compared with wild fish 
populations which are likely to have a much more diverse genetic composition. Furthermore, 
it is likely that wild fish will have probably been exposed to a much wider variety of 
pathogens during their lives than would be normal for cultured fish. Consequently, immune 
function in such wild fish may well have a greater basal variability, both with respect to 
specific and non-specific immunity, requiring, for example, the use of larger sample sizes in 
order to be able to detect potentially significant trends in immune dysfunction following 
toxicant exposure. 
These considerations of freshwater versus marine and cultured versus wild fish may, 
therefore, have a practical impact on the success of transferring established protocols of 
immune function from cultured freshwater fish to wild, marine fish species. Against this 
background, it was necessary to develop a range of assays of non-specific immunity for use in 
dab, prior to the application of suitable techniques in subsequent field surveys and laboratory 
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experiments. In part, the choice of assays for this purpose was based on both published 
recommendations (Dean et al., 1986; Anderson, 1990) and, inevitably, some practical 
limitations. This chapter presents the results of developmental work undertaken for a variety 
of non-specific immune functions, including serum lysozyme and total protein levels (section 
3.2), assays of leucocyte migration (section 3.3), the collection of phagocytes for in vitro 
respiratory burst studies (section 3.4) and a suite of assays for detecting the production of 
ROS (sections 3.5 to 3.8). 
3.2 Serum Lysozyme Activity And Total Protein Levels 
3.2.1 Introduction 
Given that the non-specific immune system of fish constitutes their first line of defence against 
pathogens (lngram, 1980), it was decided to focus upon lysozyme as an important humoral 
component of this system. Lysozyme (E.C.3.2.l.l7, also termed muramidase) is an 
antibacterial enzyme which attacks the peptidoglycan in the cell walls of predominantly Gram-
positive bacteria, and to some extent, Gram-negative bacteria (Chipman and Sharon, 1969; 
Grinde, 1989). Lysozyme is localised in the lysosomes of neutrophils and macrophages and is 
released into the blood from these cells (Murray and Fletcher, 1976). Although the kidney 
appears to be the major site of lysozyme activity in teleosts, the blood is easier to sample and 
is, therefore, considered to be the most suitable tissue for monitoring lysozyme activity in fish. 
It is also known that fish serum lysozyme activity may be affected by the presence of 
toxicants in the aqueous environment (Lie et al., 1989; Mock and Peters, 1990). 
In view of the anticipated need to process relatively large numbers of fish within the 
toxicant exposure experiments, emphasis was placed on the development of a semi-automated 
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microtitre plate assay for fish serum lysozyme activity. The assays of lysozyme activity were 
conducted in conjunction with the Biuret method for total protein analysis (Holme and Peck, 
1993) in order to indicate whether any variations were lysozyme specific or reflective of non-
specific changes in serum protein levels. 
3.2.2 Materials and Methods 
Method development for lysozyme quantitation was based on the Micrococcus lysodeikticus 
(previously termed M. lute us) turbidimetric assay originally described by Parry et al. (I 965). 
All reagents were obtained from Sigma Chemical Company, Poole, U.K. unless specified 
otherwise. Developmental work was then undertaken in order to assess: ( 1) the optimal 
wavelength for the turbidimetric lysozyme assay; (2) the optimal pH for dab serum lysozyme 
activity; and (3) the effect of storage conditions on dab serum lysozyme activity. 
Briefly, a 0.3 mg rn1·• suspension of freeze-dried M. lysodeikticus (Sigma M-3770) 
was prepared in 0.05 M Na2HP04 buffer (Sigma S-0751) immediately before use and the pH 
raised to the required pH (see below) using a few drops of 1.0 M NaOH. The bacterial cell 
suspension was added to a 96-well microtitre plate (250 fll well.1) and allowed to equilibrate 
to 15 ± 1 °C. Hen Egg White Lysozyme (HEWL) (Sigma L-6876), with a specified activity of 
46,200 Units mg·• was used as an external standard. After dissolving HEWL in temperature 
controlled buffer at a concentration of 25,000 Units rn1·•, HEWL solution was added to each 
well (10 fll well.1) and the linear reduction in turbidity measured over a lO min period at 15 ± 
1 °C. After preliminary studies on different wavelengths, the rate of change in absorbance at 
450 nm (~~50 min"1) during the linear stage of the reaction was calculated, giving the 
following standard curve: y = 0.001x + 0.0019 (where y =~~50 min·•; x = Units of activity, 
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as HEWL equivalent). Results were expressed in terms of the J.l.g of HEWL equivalent per ml 
of serum (46.2 Units J.l.g. 1) (Figure 3.1 ). 
For the analysis of serum total protein concentrations, commercially available Total 
Protein Reagent® (Sigma 541-2) was added to the a microtitre plate at 250 J.l.l weir' and 
allowed to equilibrate to 15 ± I °C. Fresh dab serum was added at 5 J.l.l weir' and, after 30 
min, the absorbance read at 540 nm using a Multisoft Multiskan® microtitre plate reader. 
After correcting for the appropriate blanks, serum total protein concentrations were 
calculated based on a calibration curve generated under identical conditions using Bovine 
Serum Albumin (BSA) (Sigma P-6529) as an external standard (Figure 3.2). 
3.2.3 Results 
Effect of wavelength. Since the sensitivity of bacterial cell turbidimetric measurements are 
inversely proportional to the wavelength of the light used (Stanier et al., 1978), the 
wavelength used for the assay was reduced from the original value of 540 nrn to 450 nm, 
giving an approximate I 0% increase in the sensitivity of the bacterial cell analyses (Figure 
3.3). 
Effect of pH on lysozyme activity. In order to optimise the assay conditions for 
quantifying dab serum lysozyme, an investigation was undertaken using sodium phosphate 
buffer with the pH adjusted to between 4.0 to 8.0. Suspensions of M. lysodeikticus were 
prepared in 0.05 M Na2HP04 buffer across this pH range, fresh dab serum added from a 
single fish and the lysozyme activity measured as described above. The maximum rate of 
bacterial cell lysis was at pH 6.0, with marked reductions in lysozyme activity at lower and 
higher pH values (Figure 3.4). 
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Figure 3.1 Representative standard curve of AA450 o min ·1 versus HEWL quantity 
from the turbidimetric microtitre plate assay, measured at 15 ± 1 oc 
from 2 to 4 minutes. Values as mean± SE (n = 8)o 
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Figure 3.2 Representative standard curve of absorbance (A540) versus total 
protein concentration after 30 m in at 15 ± 1 oc in the Biuret 
microtitre plate assay. Values as mean± SE (n = 8). 
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Figure 3.3 Effect of wavelength on absorbance of Micrococcus lysodeikticus 
suspensions in the turbidimetric microtitre plate assay. 
Values as mean± SE (n = 8). 
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Lysozyme activity and total protein levels in stored serum. In order to ascertain 
whether freezing of serum would affect the total protein concentration or lysozyme activity, 
these parameters were measured in aliquots of fresh serum from a single fish, and in aliquots 
which were stored at -26°C for either 3 or 21 days (without intermediate thawing or re-
freezing). Compared with fresh aliquots of the same serum, samples stored for 3 and 21 days 
had significantly reduced lysozyme activities (ANOVA, P<0.05 and P<0.01, respectively) 
(Figure 3.5). There were no significant changes, however, in the total protein concentrations 
in corresponding aliquots of stored versus fresh serum. 
3.2.4 Discussion 
A preliminary experiment illustrated the principle of Stanier et al. ( 1978), in that the 
sensitivity of the absorbance in the turbidimetric assay was greatest when using shorter visible 
wavelengths. Indeed, use of ~so versus A540 values gave an approximate 10% increase in the 
sensitivity of the bacterial cell analyses (Figure 3.3). 
Experiments indicated that dab serum lysozyme activity was optimal when using a 
buffer pH of 6.0, with marked reductions in activity at pH 6.0 ± 0.5 (Figure 3.4). This pH 
value for dab was somewhat higher than the pH of 5.4 reported as being optimal for lysozyme 
activity in plaice serum (Fietcher and White, 1973). Published data for other teleosts indicate 
the following optimal buffer pH values: pH 5.4 for freshwater fish liver, and pH 6.2 for 
saltwater fish liver (Sankaran and Gumani, 1972); pH 6.0 for rainbow trout skin mucus 
(Hjelmeland et al., 1983); and pH 5.5 - 6.0 for rainbow trout serum and posterior kidney 
(Mock and Peters, 1990). In comparison, for marine elasmobranchs, Llundblad et al., (1984) 
reported lysozyme activity in the haemopoeitic tissues of Raja radiata L., Chimaera 
monstrosa L. and Etmopterus spinax L. to be optimal at pH 4.8 - 5.4. As argued by Mock 
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Figure 3.5 Effect of storage time at -26°C on dab, L. limanda (L.), serum total protein concentration and lysozyme 
activity. Values as mean± SE (n = 8). 
Significantly less that control at(* ANOV A, P<O.OS and** ANOV A, P<O.Ol). 
and Peters ( 1990), however, caution should be exercised when comparing lysozyme activities 
derived from different experiments, since other aspects of the assay conditions (e.g. ion 
concentrations, type of standard used) may need to be considered in order to allow detailed 
inter-species comparisons of the activity of lysozyme in vitro. 
The lysozyme activity data generated for dab serum, in accordance with many other 
fish species, showed an optimal in vitro rate at a much lower pH than is typical of marine fish 
blood. Indeed, at the approximate pH of marine fish blood of between pH 7.5 - 8.0 (Heisler, 
1984 ), serum lysozyme activity was observed to be less than 15% of the activity at pH 6.0. 
In marine fish, however, it is known that lysozyme occurs at high concentrations within the 
lysosomes of neutrophils and macrophages, within which the acidic conditions aid the 
intracellular destruction of phagocytosed bacteria (Murray and Fletcher, 1976). 
For practical purposes, it was desirable to store serum frozen and then bulk the 
samples for subsequent analysis of lysozyme activity. However, preliminary experiments 
indicated that under the storage conditions used in our investigations, there were reductions 
of 40% and 65% in lysozyme activity in aliquots of dab serum held at -26°C for 3 and 21 
days, respectively (Figure 3.5). In contrast, there were no significant reductions in terms of 
the total protein concentrations in the serum aliquots. Although there appears to be a paucity 
of data comparing lysozyme activity in fresh versus frozen fish serum, a number of authors 
recommend the storage of serum at either -20°C or -70°C prior to the analysis of lysozyme 
activity (Grinde et al., 1988; Secombes et al., 1991). It is clearly possible, however, that such 
procedures may lead to underestimates of lysozyme activity as compared with analysis of 
fresh serum. As with the physico-chemical aspects of conducting the lysozyme assay, caution 
therefore needs to be exercised when comparing data between studies reported by different 
laboratories. It is also recommended that the relevance of such methodological aspects be 
defined on a case by case basis for each experimental situation. 
35 
3.3 Leucocyte Migration In Vitro 
3.3.1 Introduction 
Fish, like all vertebrate groups, exhibit an inflammatory reaction in response to many pathogen 
infections and tissue injuries. The inflammatory reaction is characterised by an initial influx of 
granulocytes at the point of infection, typically peaking after approximately 12 to 24 h, followed by 
an accumulation of lymphocytes and circulating monocytes, the latter then developing into tissue 
macrophages. This important process of leucocyte migration is enhanced by a suite of 
chemoattractants which include host-derived factors (including serum factors, possible 
complement fragments, cytokines and eicosanoids, viz. leukotrienes and lipoxins) (Griffin, 1984; 
MacArthur et al., 1985; Petitt et al., 1991) and, in some instances, pathogen-derived factors. For 
example, Nash et al. (1986) showed that bacterial products and culture supernatants elicited a 
chemokinetic (speed of cell migration) response in plaice neutrophils. A summary of these and 
related observations is presented in Table 3.1. Given the importance of leucocyte migration in the 
inflammatory response, monitoring of this parameter may offer a valuable means of evaluating 
cellular immune dysfunction in ftsh exposed to environmental contaminants. Although there 
appear to be few published data on this approach, Weeks et al., (1986) observed impaired 
macrophage chemotaxis (direction of cell migration) in kidney cells of marine fish sampled from 
P AH contaminated areas of the Elizabeth River, Virginia, USA 
Leucocyte migration may be successfully analysed in vitro using a Boyden chamber or 
designs of cell migration apparatus based on this original system (Boyden, 1962). The basic design 
principle used in this apparatus (Figure 3.6) involves a lower well containing the test solution 
(incorporating a putative chemoattractant) above which is positioned a 3 or 5 J.Lm pore filter 
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Chemoattractant Species Cell type Effect Reference 
Bacterial culture Human Leucocytes Stimulation Keller and Sorkin, 1967 a 
filtrates/suspensions 
Human Mononuclear and Stimulation Horwitz and Garrett, 1971 
polynuclear leucocytes 
Casein Plaice Leucocytes Stimulation Nash et al, 1986 
Human Blood neutrophils Stimulation of Wilkinson and Allan, 1978 
chemokinesis 
Complement Human Leucocytes Stimulation Ward, 1974 
Human Leucocytes Stimulation Ward et al, 1965 
Human Neutrophils Stimulation Ward and Newman, 1969 
w 
-..J Human Leucocytes Stimulation Gigli and Austen, 1971 
Human Granulocytes Stimulation Gallin and Rosenthal, 1974 
Rainbow trout Leucocytes Stimulation Nonaka et al, 1981a,b 
Rainbow trout Leucocytes Stimulation Griffin, 1984 
Nurse Shark Leucocytes Stimulation Obenauf and Hyder-Srnith, 1985 
Endotoxin activated serum Plaice Peritoneal cells and splenic Stimulation MacArthur et al, 19851 
macrophages 
Table 3.1 Summary of biological and chemical factors affecting leucocyte migration. 
Chemattractant Species Cell type Effect Reference 
Escherichia coli suspension Hogchoker and Kidney leucocytes Stimulation Weeks et al, 1986 
spot 
Glycogen Plaice Peritoneal cells and splenic Stimulation MacArthur et al, 1985 
macrophages 
Inflammatory exudate fluid Plaice Peritoneal cells * splenic Stimulation MacArthur et al, 1985 
macrophages 
Leukotriene B4 Turbot Kidney leucocytes Stimulation Burrow and Manning (pers 
comm) 
Lymphokines Human Lymphocytes Stimulation Ward et al, 1969 
Human Mononuclear leucocytes Stimulation Snydermann, 1972 
1.-l 
00 
Carp Leucocytes Stimulation Howell, 1984 and 1987 
Carp Kidney Leucocytes Stimulation Bridges, 1990, Ellis 1989 
Serum albumin (human/bovine) Human Blood neutrophils Stimulation of Wilkinson and Alien, 1978 
chemokinesis 
Serum (fresh homologous) Rainbow trout Kidney leucocytes Stimulation Secombes (pers comm) 
Dab Kidney leucocytes Stimulation Fletcher (pers comm) 
Tuberculin Human PMN leucocytes Stimulation Boyden, 1962 
Table 3.1 continued. 
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Microscope slide - to avoid evaporation 
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Figure 3.6 Principle features of a cell migration chamber for the study of 
leucocyte chemotaxis and chemokinesis in vitro (proportions not 
drawn to scale). Such chambers may be designed in a multi-well 
matrix. To quantify cell migration, the apparatus is disassembled, 
the filter and attached cells fixed and Giemsa stained and the cells on 
the lower side of the filter counted microscopically. 
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membrane. An upper well is positioned above the ftlter membrane and is ftlled with a suspension 
of viable leucocytes. If the test solution contains a chemoattractant, selected leucocytes contained 
in the upper well will actively migrate though the filter pores towards the lower well. After a 
specified time, the apparatus is disassembled, the filter stained with Giemsa and the migrating cells 
attached to the filter surface counted under the light microscope. 
Based on the principles of the Boyden chamber, several workers have since reported 
improved desigos for cell migration chambers. These include the use of Nucleopore®, 
polyvinylpyrrolidone-free polycarbonate membrane filters (Horwitz and Garrett, 1971; Zigmond 
and Hirsch, 1973; Harvath et al., 1980). Falk et al., (1980) described the use of a 48-well cell 
migration chamber requiring smaller quantities of experimental materials and allowing increased 
replication. A variety of other techniques has also been employed to evaluate the in vitro 
migration ofleucocytes, including a cell migration under agarose assay (Nelson et al., 1979). The 
merits and limitations of various cell migration assays have been reviewed by Gee ( 1984). 
In the absence or published protocols for dab, work was undertaken to develop a cell 
migration assay for kidney leucocytes collected from this species, prior to the potential application 
of the assay in studies of environmental contaminants. Investigations were conducted to examine 
several important aspects of the cell migration assay including: (I) the definition of the optimum 
cell migration times; (2) the value of dab (homologous) or chicken (heterologous) serum as 
potential sources of chernoattractants; and (3) the effect of serum concentration on cell migration. 
3.3.2 Materials and Methods 
A whole kidney cell suspension was prepared in RPMI 1640 cell culture medium at a density of 
1.0 x I 07 cells mr1• Cell viability was consistently >95% based on the trypan blue exclusion assay 
(further details in section 2.9). Candidate chernoattractant solutions were prepared as dilutions 
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(from 1.25 - 50 % v/v) of either fresh or frozen (-26°C) pooled dab serum, or commercially 
available frozen (-26°C) chicken serum (Sigma S-6773), in RPMI 1640 cell culture medium 
The cell migration assays were conducted using a 48-well assay chamber (Costar Limited 
UK), fitted with a 5 J.lm pore polyvinylpyrrolidone-free polycarbonate membrane filter 
(Nucleopore~ (Figure 3.7). To start the cell migration assay, 28 J.ll of the required diluted serum 
was added to each chamber in the lower wells chambers, taking care to leave a slightly convex 
meniscus to avoid trapping air bubbles when locating the filter membrane. The filter membrane 
was then placed (with the reflective side uppermost), over the lower well chambers, taking care 
not to trap any air bubbles beneath the filter in the process. A silicon gasket was located above the 
filter membrane, followed by the top plate containing the upper well chambers. The whole 
assembly was secured by means of the six stainless steel supports. A glass microscope slide was 
placed over the upper wells and the chamber allowed to stand at IS ± I oc for 30 min to achieve 
thermal equilibrium After this period, 45 J.ll of the leucocyte suspension (I.O x I07 cells mr1) was 
pipetted into each of the upper well chambers, taking care to avoid trapping air bubbles in the 
process. A glass microscope slide was placed back over the upper wells, the chamber held at IS ± 
I°C for a specified time period (either 30 or 60 min). 
At the end of the incubation period, the top half of the chamber was carefully removed, the 
upper (reflective) side of the filter membrane rinsed twice in 0.85% PBS and passed gently over a 
rubber scraper. The filter membrane was fixed for I 0 min in absolute methanol and immersed in 
citric acid - phosphate buffer for 5 min. The filter membrane was then stained for I5 min in 
Giemsa stain (diluted I:5 with citric acid- phosphate buffer), rinsed well in buffer, mounted on a 
glass microscope slide and allowed to dry. While the areas of filter membrane containing stained 
cells were often visible to the naked eye, a counting template (Nucleopore~ was found to help 
locate these areas with greater confidence. Cell counts were made using a Leitz Diaplan light 
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microscope (magnification xI 000), with results being expressed as the number of cells per mm2 of 
the filter membrane (Figure 3.8). 
3.3.3 Results 
Effect of fresh dab serum on leucocyte migration. Fresh dab serum was pooled from a total of 
four fish. Using dilutions of 1.25, 2.5, 5.0 and 25% (v/v) fresh pooled dab serum in RPMI 1640 as 
the source of chemoattractants, dab leucocyte migration was monitored after incubation at 15 ± 
l oc for 60 min (Figure 3.9). A dose-response was not obtained, although the data suggested an 
increase in cell migration when using 25% (v/v) fresh pooled dab serum in RPMI 1640 as the 
source of potential chemoattractants at the 25% (v/v) serum It should also be noted, however, 
that it was difficult to identify the exact position of the wells (prior to the receipt of the 
Nucleopore® counting template) when conducting these microscope observations. Therefore, 
these data should be interpreted with some caution. 
Effect of frozen dab serum on leucocyte migration. Fresh dab serum was pooled from a 
total of six fish and stored in aliquots at -26°C for approximately four weeks prior to use. Using 
dilutions of 3.13, 6.25, 12.5, 25 and 50% (v/v) frozen pooled dab serum in RPMI 1640 as the 
source of chemoattractants, dab leucocyte migration was monitored after incubation at 15 ± l oc 
for 60 min (Figure 3.1 0). Overall, these data suggested an inverse relationship between cell 
migration and the concentration of frozen dab serum All serum concentrations tested resulted in 
significantly reduced cell migration as compared with the control treatment (ANOV A, P<0.05). 
Effect of incubation time and serum source on leucocyte migration. The effects on dab 
leucocyte migration using frozen dab versus chicken serum as a source of chemoattractants are 
shown in Figures 3.11 and 3.12., respectively. These results suggested that there was an 
incubation related increase in kidney leucocyte migration, where dilutions of either frozen dab or 
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chicken serum where used as a source of chemoattractants. For the frozen dab serum treatments, 
the number of cells per mrn2 after 60 min was between J.Sx (25% serum) and 5.9x (without 
serum) greater than at 30 min for corresponding serum concentrations. Similarly, for frozen 
chicken serum treatments, the number of cells per mrn2 after 60 min incubation time ranged from 
1.8x (50% serum) to 5.9x (without serum) greater than the corresponding 30 min values. 
The type of species serum used as a source of chemoattractant substance(s) produced 
marked differences in cell migration. For both the 30 and 60 min migration times, there was 
clearly an increase in cell migration when frozen chicken serum rather than pooled frozen dab 
serum was used. After 30 min, the number of cells per rnrn2 increased to 1.7x the control (without 
serum) value for chemoattractant solutions of 25% (v/v) frozen dab serum After 60 min, only the 
3.13% (v/v) frozen dab serum treatment showed cell migration values greater than the controls. 
Indeed, at 60 min there was a clear inverse relationship between the dab serum concentrations and 
cell migration. Similarly, cell migration was inversely proportional to the chicken serum 
concentrations used as a potential source of chemoattractants. For equivalent serum 
concentrations, however, frozen chicken serum had a more positive effect on cell migration 
compared with frozen dab serum Generally, the number of cells per mrn2 was between 1.8x -
5.5x greater when chicken rather than dab serum was used, the magnitude of the differences 
generally being inversely proportional to the serum concentration. 
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Figure 3.7 
Figure 3.8 
Assembled 48-well cell migration chamber. 
L 
Migratory dab, L. limanda (L.), kidney leucocytes (L) on the surface of a 5 ~m 
pore (P) membrane, after fixation and Giernsa staining. Scale bar = lO ~m 
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Figure 3.9 Effect of fresh pooled dab, L limanda (L.), serum in RPMI 1640 cell 
cuJture medium on the in vitro migration of dab kidney leucocytes 
after 60 min at 15 ±PC. Values as mean± SE ( n shown in parentheses; 
values vary due to presence of air bubbles in some wells). 
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Figure 3.10 Effect of frozen pooled dab, L. limanda (L.), serum in RPMI 1640 cell 
culture medium on the in vitro migration of dab kidney Ieucocytes 
after 60 min at 15 ± 1 oc. Values as mean± SE ( n shown in parentheses; 
values vary due to presence of air bubbles in some wells). Significantly 
lower than controls (ANOV A, * P<O.OS; ** P <0.01). 
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Figure 3.11 Effect of frozen pooled dab, L limanda (L.), or chicken serum on the 
$ 
in vitro migration of dab kidney leucocytes after 30 min at 15 ± 1 oc. 
Values as mean± SE ( n = 3). Significantly different from no serum(*) 
or from other species serum at same concentration ($) (ANOV A, P<O.OS). 
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Figure 3.12 Effect of frozen pooled dab, L limanda (L.), on the in vitro migration of 
dab kidney leucocytes after 30 or 60 min at 15 ± 1 a c. Values as mean 
± SE ( n = 3). Significantly different from no serum (*) at each time period 
or from 30 min value using equal serum concentration($) (ANOV A, 
P<0.05). 
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3.3.4 Discussion 
In this part of the developmental work, attention focused upon fmding suitable chemoattractants 
for dab kidney leucocytes, based upon the findings of other workers (summarised in Table 3.1 ). 
For practical purposes, it was necessary to use frozen serum as a source of chemoattractants, 
ideally from a defined source as opposed to wild fJSh. 
Although the patterns of cell migration were somewhat variable, it appeared from the 
duplicate experiments that frozen dab serum generally had an inverse effect on leucocyte 
migration. Experiments were also performed on cell migration in response to frozen dab versus 
frozen chicken sera, based upon the recommended use of chicken serum by other workers 
(Matthews et al., 1990). While high concentrations of chicken serum reduced cell migration, 
significant increases (ANOVA, P<O.OS) in cell migration occurred at concentrations of 3.13 to 
12.5% (v/v). Overall, frozen chicken serum at a concentration of 3.13% (v/v) produced a maximal 
increase in cell migration after 30 min and therefore this treatment appeared most suitable for 
further study. 
Finally, it should be noted that based upon the current data it was not possible to 
accurately distinguish between potential chemoattractant or chemokinetic effects of the sera used 
on the fish kidney leucocytes. Therefore, these results applied only to cell migration. If necessary, 
further guidance on distinguishing between these effects though the use of other experimental 
designs is available within the published literature (Keller et al., 1977). 
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3.4 Techniques To Collect Phagocytes 
3.4.1 Introduction 
As described earlier, fish have developed mononuclear phagocytic cells (viz. the circulating 
monocytes and tissue macrophages), together with various types of granulocytes. Whereas 
monocytes and macrophages actively ingest pathogens as a means of defence, it is generally 
considered that, in comparison to the mononuclear phagocytes, the granulocytes do not kill 
intracellular pathogens as effectively, and therefore depend more on extracellular mechanisms 
of cytotoxicity. Phagocytes are widely distributed in the tissues of ftsh, large numbers being 
present in the primary lymphoid tissues (viz. kidney and spleen), and also in the gills, peritoneum 
and heart atrium Given the clear importance of these various cell types in the defences of fish, 
together with the fact that these cells are distributed throughout the tissues (particularly, the 
gills, gut, kidney and spleen), they have been the focus of much attention in basic and applied 
immunology over many years (reviewed by Ainsworth, 1992; Secombes and Fletcher, 1992). 
It is, therefore, not surprising that the evaluation of phagocyte function is one 
approach widely recommended for the investigation of the potential effects of environmental 
contaminants on fish immune function (Anderson, 1990). In practice, an essential 
prerequisite for undertaking investigations is the availability of reliable methods for collecting 
phagocytes from important lymphoid tissues. One approach involves the incubation of kidney 
cell suspensions (commonly a major source of phagocytes) on a suitable solid matrix and, 
after the incubation period is complete, the non-adherent cells are discarded by thorough 
washing. This leaves the adherent phagocytes (typically, macrophages) attached to the glass 
microscope slide or to the surface of the wells of a microtitre plate (Pick and Mizel, 1981; 
Daniels, 1988; Secombes, 1990). 
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While protocols have been developed for the successful collection of adherent 
phagocytes from selected freshwater fish species (Secombes, 1990), such information appears 
lacking for marine flatfish. An investigation was, therefore, undertaken with the aim of 
optimising the protocol for collecting dab kidney phagocytes by adherence in microtitre 
plates, taking into account factors including the effect of serum in the culture medium, 
incubation temperature, the quantities of cells required, and the type of microtitre plate 
employed as the solid matrix for supporting the cells. Bearing in mind the overall aim of 
developing methods to assess immune function for environmental monitoring purposes, 
attention was also given to possible means of increasing the rapidity and reliability of 
measuring phagocyte adherence. Consequently, cell adherence was evaluated using both 
microtitre plate measurements of the quantity of total protein per well (Pick and Mizel, 1981) 
and microscopical counting of the stained nuclei from lysed adherent cells (Secombes, 1990). 
Work by Field and Manning (1993) also suggested that dab kidney phagocytes could 
be collected using centrifugation on a discontinuous Percoll® (Pharmacia, Sweden) density 
gradient, with phagocytic activity (as measured using chemiluminescence) being detected in 
cells taken from bands 2 and 3 (i.e. those cells at the 1.033/1.042 and at the 1.042/1.051 
density interfaces). In the present study, however, preliminary experiments suggested that it 
was possible to omit this time-consuming density centrifugation, provided that sufficient prior 
care was taken to exsanguinate the fish via the caudal vein. Therefore, whole kidney cell 
suspensions were used for the major phase of the cell adherence studies reported herein. 
3.4.2 Materials and Methods 
Dab kidney cell suspensions were prepared in phenol red-free Hank's Buffered Salt Solution 
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(HBSS), supplemented with 10 Units mr 1 of heparin and penicillin (I 00 IJ.g ml" 1)/streptomycin 
(lOO Units mr1) (P/S) and maintained at 15 ± 1 °C, as described in section 2.9. 
Effects of FCS on cell adherence. After washing the cells as described above, the cells 
were re-suspended at a density of 2.5 x 107 cells ml- 1 in HBSS (plus heparin and P/S) 
containing FCS (Sigma, S-9510) at concentrations of zero, 0.1, LO and 10% (v/v), the 
temperature being maintained at 15 ± 1 oc_ Cell suspensions were added to tissue culture 
grade, 96-well, flat-bottomed microtitre plates (Costar UK Limited, product code 3595) at a 
rate of 100 J-ll well- 1• The plates were then incubated at 20 ± 1 oc for 2 h under humid 
conditions in a sealed plastic container. At the end of the incubation period, the supematant 
in the wells was discarded using a single vigorous shake and 100 J-ll of fresh HBSS (plus 
heparin and P/S) added to each well. This step was repeated a total of three times so as to 
ensure that all the non-adherent cells were removed. Half of the wells for each treatment 
were then used for quantifying cell adherence in terms of the number of lysed nuclei present 
after crystal violet staining and the results expressed as the percent adherence (Secombes, 
1990). The remaining wells were used for the quantitation of total protein by first digesting 
the cells with the adclition of IN NaOH (50 J-ll wetr1) and allowing the plate to stand 
overnight (approximately 12 h) in a humid sealed container maintained at 20 ± 1 oc (adapted 
from Pick and Mizel, 1981 ). Next day, the total protein per well was measured using the 
method of Lowry et al. (1951) against a standard curve for Bovine Serum Albumin (Figure 
3.13). Cells from a total of 3 fish were used for each treatment, with four replicate wells per 
fish. 
Effect of Initial Cell Number on Cell Adherence. Following the method described for 
the previous experiment, cells were prepared in HBSS (plus heparin and PIS) at between 
0.625 - 5.0 x 107 cells ml-1 and maintained at 15 ± 1 °C. The cell suspensions were then added 
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to tissue culture grade, 96-well, flat-bottomed microtitre plates (Costar UK Limited, product 
code 3595) at a rate of I 00 j!l welr1• The plates were then incubated at 20 ± I oc for 2 h 
under humid conditions in a sealed plastic container. At the end of the incubation period, 
non-adherent cells were removed by thorough washing and the cell adherence measured as 
described above. Cells from a total of 3 fish were used for each treatment, with four replicate 
wells per fish. 
Effect of Temperature on Cell Adherence. Kidney cells were prepared in HBSS (plus 
heparin and P/S) at a density of 2.5 x 107 cells ml"1 as described above. Initially, the 
temperature of the culture medium and cell suspensions was maintained at 15 ± 1 oc. The cell 
suspensions were then added to tissue culture grade, 96-well, flat-bottomed microtitre plate 
(Costar UK Limited, product code 3595) at a rate of 100 j!l per well and the plates then 
incubated under humid conditions at either 15, 20 or 25 (± 1)°C for 2 h in a sealed plastic 
container. At the end of the incubation period, non-adherent cells were removed by thorough 
washing and cell adherence measured as described above. Cells from a total of 3 fish were 
used for each treatment, with four replicate wells per fish. 
Effect of Microtitre Plate Type on Cell Adherence. Eight different types of 96-well, 
flat-bottomed microtitre plate were evaluated at this stage of the study and each was selected 
based upon the information provided by their manufacturers. Kidney cells were prepared in 
HBSS (plus heparin and P/S) at a density of 2.5 x 107 cells mr1 and maintained initially at 15 
± 1 °C. The cell suspensions were then added to the various microtitre plates at a rate of lOO 
j!l per well. The plates were then incubated under humid conditions at 20 ± 1 oc for 2 h in a 
sealed plastic container. At the end of the incubation period, non-adherent cells were 
removed by thorough washing and the cell adherence measured as described above. Cells 
from a total of 3 fish were used for each treatment, with four replicate wells per fish. 
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3.4.3 Results 
Effect of FCS on cell adherence. For clarity, the results of cell adherence experiments are 
discussed primarily in terms of the percent adherence data, although these values are 
supplemented with the corresponding total protein data in the following figures. Incubation 
of dab kidney cells in culture medium containing increasing concentrations of FCS resulted in 
a decline in the percent adherence values (Figure 3.14). The use of FCS concentrations of 
zero, 0.1, 1.0 and 10% (v/v) resulted in mean percent adherence values of approximately 21, 
9, 7 and 4%, respectively. However, compared with the percent adherence values of cells 
from fish incubated in the absence of FCS, the reduction was only significant in cells exposed 
to 10% FCS (ANOV A, P<0.05). The inverse relationship between the degree of cell 
adherence and FCS concentration was also clearly reflected by the total protein data. 
Effect of initial cell number on cell adherence. At addition rates of between 0.625 -
2.5 x 106 cells per well, there was no significant change in the percent adherence values 
(Figure 3.15). Compared with the lowest addition rate of 0.625 x 106 cells per well, 
however, the percent adherence of cells decreased significantly when using 5.0 x 106 cells per 
well (ANOV A, P<0.05). In contrast, based on the total protein quantity per well, cell 
adherence was optimal when using an addition rate of 2.5 x 106 cells per well. 
Effect of incubation temperature on cell adherence. In terms of the percent adherence 
data, there was a clear relationship between dab kidney cell adherence and the temperature 
during the 2 h incubation period (Figure 3.16). The mean percent adherence values at 15, 20 
and 25°C were approximately 8, 14 and 16%, respectively, and there was a significant 
increase in the percent adherence values after incubation at 25°C compared with 15°C 
(ANOV A, P<0.05). Based on the total protein data, however, cell adherence peaked after 
incubating cells for 2 h at 20°C, although there was a slight decline in adherence in cells 
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incubated at 25°C. Compared with the 15°C treatment, there were significant increases in the 
total protein concentrations after incubating cells at 20°C (ANOVA, P<O.Ol) and 25°C 
(ANOV A, P<0.05). 
Effects of microtitre plate type on cell adherence. Although the trends in the percent 
adherence and total protein data did not always agree precisely, it appeared overall that the 
tissue culture grade microplates A (Costar UK Limited; product code 3595), B (Costar UK 
Limited; product code 3596) and F (Greiner, Germany; product code 655180) gave the best 
results (Figure 3.17). 
Comparison of methods to quantify cell adherence. The measurement of cell 
adherence in terms of the quantity of total protein per well was found to be less time 
consuming compared with the microscopical counting of the nuclei from lysed adherent cells. 
Data for the number of adherent cell nuclei per well and the quantity of total protein per well 
were pooled from all the experiments. Regression analysis of these data indicated a relatively 
poor correlation between these parameters (r2 = 0.67, P<O.O 1; n=54) (Figure 3.18). 
3.4.4 Discussion 
While Field and Manning ( 1993) have reported that dab kidney leucocytes may be 
successfully separated using Percoll® gradients, personal experience of this procedure 
suggested that it would be too time-(;onsuming for deployment in environmental monitoring 
studies and, for current purposes, was not essential. Similarly, Daniels ( 1988) successfully 
used the adherence method (using glass slides) in preference to density-dependent separation 
in order to harvest winter flounder (Pseudopleuronectes americanus L.) kidney macrophages, 
achieving purifications of up to 90%. 
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Figure 3.13 Standard curve of absorbance (A690) versus BSA concentration 
after 40 min at 15 ± 1 oc in the Lowry microtitre plate assay. 
Values as mean± SE (n = 8). 
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Figure 3.14 Effect of FCS on adherence of dab, L. limanda (L.), kidney 
leucocytes to microtitre plates. Values as mean ± SE (n = 4). 
Significantly less than control (ANOV A, * P < 0.05, ** P < 0.01). 
57 
-
-QJ ~ 
J,.j 
QJ 
~ 
en 
::L 
'-' 
= ·-QJ ~ 
0 
J,.j 
~ 
'i 
~ 
0 
~ 
25 
20 
Cl) 
(.) 
c: 15 Cl) 
J.. 
Cl) 
J:: 
"'C 10 ea 
V1 
-;:.!!!. 00 0 
5 
0 
m% adherence 
-+-Total protein 
** 
0.625 1.25 2.5 5 
Initial number of cells per well (x1 06 ) 
Figure 3.15 Effect of initial cell loading rate on adherence of dab, L. limanda (L.), kidney 
leucocytes to microtitre plates. Values as mean ± SE (n = 4). 
Significantly less than lowest loading rate (ANOV A,* P < 0.05, ** P < 0.01). 
PhD03-15.PPT 
25 
..-... 
-
-Cl) 
20 3: 
J.. 
Cl) 
a. 
15 Cl 
:::::s 
..._... 
c: 
·-10 Cl) ..... 
0 
J.. 
a. 
5 ea 
..... 
0 
1-
0 
Cl) 
(.) 
£: 
Cl) 
J,. 
40 
30 
Cl) 20 
J: 
"C 
ea 
(fl 
10 
0 
~----------------------------------------~ 25 
E 0/o adherence 
-+-Total protein 
15 
** 
20 
Incubation temperature (°C) 
25 
-20 Cl) ~ 
J,. 
Cl) 
c. 
15 Cl 
::s 
-£: 
·-10 s 
0 
5 
---+- 0 
J,. 
c. 
-ea 
.... 
0 
t-
Figure 3.16 Effect of incubation temperature on adherence of dab, L. limanda (L.), kidney 
leucocytes to microtitre plates. Values as mean ± SE (n = 4). 
Significantly less than lowest loading rate (ANOV A, * P < 0.05, ** P < 0.01). 
C1) 
CJ 
s::: 
C1) 
J.. 
C1) 
-'= 
"C 
ea 
~ 0'1 
0 0 
30 30 
.-.. 
o/o adherence --C1) 
• Total protein 3: 
J.. 
C1) 
20 20 c. 
tn 
::::L 
.._.. 
s::: 
·-C1) 
10 10 ... 0 J.. 
c. 
ea 
... 
0 
1-
0 0 
A 8 c D E F G H 
Mic rot it re plate type 
Figure 3.17 Effect of type of micro titre plate on adherence of dab, L limanda (L.), kidney 
leucocytes. All microtitre plates incorporated 96 flat-bttomed wells, with types A, B and F 
being made of polystyrene and pre-treated during manufacture with corona-discharge. 
Values as mean ± SE (n = 4). 
PhD03-17 .PPT 
0\ 
-
30 
• • 
• 
..-. 25 • 
-C1) 
3: 
• a.. • C1) 20 • c. 
C) • 
::::L. • • .._. 15 c • 
·- • C1) 
.... • 0 • 
a.. 10 • • • c. 
•• 
-ea 
• • .... • • • 0 # • 1- 5 • • .... • 
• • •• I (r2 =0.67, P<O.Ol, n =54) • 
0 • • • • • 
0 1 2 3 4 5 6 
No. adherent cells per well (x 1 05) 
Figure 3.18 Relationship between dab, L. limanda (L.), kidney adherent cells numbers (based on counts 
of lysed nuclei) versus measurement of total protein. 
THH: PhD03-18.PPT 
Figure 3.19 Relief contrast photomicrograph of dab, L. Limanda (L.), kidney cells adhered to 
the base of a flat-bottomed microtitre plate. Scale bar= 10 ~m. 
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Due to practical limitations, detailed morphological characterisations of the adherent 
cells (e.g. using Romanowsky staining techniques) were not conducted. However, the live 
adherent cells were observed using a Leitz DMIL inverted microscope fitted with relief 
contrast illumination (Figure 3.19). Using this technique, the adherent cells were generally 
greater than 12 Jlm in diameter, and approximately 50% of the cells were observed to have 
extensive pseudopod formation. While it was not possible to make detailed observations of 
the nuclei of the live adherent cells, the lysed cell nuclei were consistently spherical in shape, 
and were distinct from the crescent shaped nuclei observed in the granulocytes of marine 
pleuronectids (EIIis, 1977; Burrows, 1995). However, this is only a tentative suggestion since 
it is possible that the adherent cell nuclei may have changed shape during cell lysis. Based on 
these morphological observations, it appeared that a high proportion of the adherent cells 
were probably macrophages. In support of this view, the rates of intracellular 0 2• produced 
by the adherent dab kidney cells (details in section 3.5) were comparable to those reported for 
salmonid macrophages harvested using a similar protocol (Secombes, 1990). 
Published methods for collecting fish phagocytes by adherence often recommend the 
use of FCS in the culture medium as a general source of nutrients for in vitro cell cultures. 
The addition, however, of FCS to HBSS at between 0.1 to 10% (v/v) had a deleterious effect 
on dab kidney phagocyte adherence in the current study (Figure 3.14). In contrast, a range of 
FCS concentrations is recommended for use by other workers, and typical examples include: 
5% in RPMI 1640 culture medium for carp (Bayne, 1986); 10% or 0.1% in L-15 medium for 
rainbow trout (Braun-Nesje et al., 1981 and 1982; Secombes, 1990); 10% for oyster toadfish 
(Seeley et al., 1990); and 2% for dab (Secombes et al., 1992; Tahir and Secombes, 1996). 
The coating of glass slides with bovine fibronectin (an extracellular adhesive 
glycoprotein) has also been shown to aid the adherence of winter flounder kidney 
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macrophages held in L-15 medium containing FCS (I 0% v/v), giving a macrophage 
purification of 80 to 90% (Daniels, 1988). In agreement with the current findings, adverse 
effects of high FCS concentrations on phagocyte adherence have been reported, although 
concentrations of up to 5% FCS are recommended for the longer term culturing of fish 
macrophages (Secombes, 1990). Similar trends have been observed separately by Field 
(unpublished data) for dab kidney cells, where the adherence was approximately 14, 4 and 2% 
at FCS concentrations of zero, 0.1 and 1.0%, respectively. It appears, therefore, that high 
concentrations of FCS may inhibit fish phagocyte adherence, although the presence of FCS is 
important for long term culture maintenance of fish phagocytes (i.e. macrophages). As FCS 
is a mixture of various biochemical and immunological factors, the precise reasons for these 
variations are unclear. Experimental variables that should be considered in this context 
include the fish species of interest, whether the animals are from defined cultures or a wild 
population, the type of culture medium employed and the intended duration of the cell 
cultures. 
The quantity of kidney cells added to the wells gave somewhat equivocal results in the 
current study, depending upon whether percent adherence or total protein levels were used to 
measure cell adherence (Figure 3.15). However, the lower mean values for both percent 
adherence or total protein at 5.0 x 106 cells per well compared with 2.5 x I 06 cells per well 
may indicate that at higher densities there is clumping of adherent cells, which are 
inadvertently removed during the subsequent washing stage. Based on the information 
available, it appears that Secombes' (1990) recommendation for adding salmonid kidney cells 
at approximately 2.0 x I 06 cells per well is also suitable for dab. 
Several research groups have focused upon the effects of temperature variation on 
phagocyte function in fish (reviewed by Secombes and Fletcher, 1992). In the current study, 
where the fish were held at 15 ± I °C, raising the incubation temperature to 20 ± I oc 
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produced a significant increase in adherence rates, both in terms of the percent adherence and 
total protein parameters. A further cell incubation temperature increase to 25°C resulted in a 
slight rise in terms of the percent adherence but a non-significant decrease in the total protein 
value (Figure 3.16). Overall, these results suggested that for dab maintained at approximately 
I5°C, a temperature of 20 ± I oc was optimal for kidney phagocyte adherence. Similarly, 
Secombes ( 1990) recommends using an incubation temperature for kidney macrophage 
adherence that is slightly higher than the maintenance temperature for rainbow trout (i.e. 
I8°C versus 14°C, respectively). 
The final experimental factor considered for collecting dab kidney cells by adherence 
was the type of microtitre plate used. Although trends in the percent adherence and total 
protein data did not always follow exactly (Figure 3.17), it appeared overall that the tissue 
culture grade microplates A (Costar UK Limited; product code 3595), B (Costar UK 
Limited; product code 3596) and F (Greiner, Germany; product code 655180) gave the 
greatest percent cell adherence. These were all flat-bottomed, 96-well, sterile microplates 
which had been pre-treated by the manufacturer with corona discharge in order to enhance 
the ionic binding of cells to the polystyrene surface. These data emphasise the desirability of 
comparing a range of microtitre plate types when seeking to apply the current method of 
phagocyte collection to non-standard fish species. 
Since many investigations of immune function in fish require the evaluation of several 
biological endpoints, there is great attraction in applying reliable and time-saving experimental 
techniques. For this reason, it was decided to compare the cell lysis and nuclei staining 
method recommended by Secombes ( 1990) with the semi-automated total protein analysis 
method employed by other workers (Pick and Mizel, 1981; Braun-Nesje et al., 1982). Based 
on the pooled data, there was a relatively poor correlation (r2 = 0.67, P<O.OI; n=54) between 
these two parameters, and in some instances during the current study, the relationship was 
65 
apparently rather weak (Figure 3.15). For practical reasons, however, the total protein 
analysis method did have the advantage of a significant time-saving over the microscopical 
counting of lysed cell nuclei. 
3.5 Phagocytosis - An Overview 
Phagocytosis in fish, as in other vertebrates, follows an ordered sequence, involving (I) 
recognition of the pathogen by the host cell, (2) attachment to the pathogen, (3) ingestion of 
the pathogen and ( 4) intracellular killing and destruction of the infective agent. As with all 
aspects of the vertebrate immunity, there is also close co-operation between the cellular and 
humoral immune factors. 
Serum contains a variety of important humoral factors including complement, antibody and 
lyrnphokines which can affect phagocytosis. For example, activation of complement is an 
important humoral response to injury and provides the major endogenous source of 
chemoattractant activity in vertebrates. This can operate both via the classical and the alternative 
complement pathways. In the classical pathway, the pathogen acts with specific antibody to bind 
with the complement system's C3 component. In the alternative pathway, the pathogen (generally 
a pathogen presenting a more serious threat to the host organism than in the former situation) or in 
the present context, the yeast derivative zymosan, interacts directly with the components of the 
pathway to also bind with the C3 component. Mammalian phagocytic cells are known to carry 
surface C3 receptors to facilitate effective antigen recognition (Wilkinson, 1982). Comparable 
systems have also been reported in a variety of fiSh species including rainbow trout (Griffin, 1984; 
Honda et al., 1986), salmon (Johnson and Smith, 1984) and lamprey (Kaige et al., 1990). The 
subject has been reviewed by Gigli and Austen ( 1971) and Ingram ( 1980) and illustrate how these 
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interactions offer a specific and rapid response to pathogen invasion which stimulates their 
recognition and destruction by phagocytes. 
Antibody also acts as an opsonin, binding to pathogens (in particular to the Fe domain of 
the IgG antibody molecule) and thus providing specific immune activity so as render pathogens 
more susceptible to phagocytosis. Mammalian phagocytic cells carry surface Fe receptors to 
facilitate effective antigen recognition (Yin and Stossel, 1982). Investigations into antibody 
stimulated phagocytosis have also shown similar events occurring in the lamprey (Fu jii, 1981) and 
rainbow trout (Griffin, 1984; Honda et al., 1986). Additionally, certain lymphocytes (T-helper 
ceUs) produce soluble factors termed 'lymphokines' which are able to activate or inhibit 
macrophage activity; for example, the macrophage activation factor (MAF). 
The final stage in phagocytosis, the lethal oxidation of microorganisms by stimulated 
phagocytes, was first suggested by lyer (1969) and later termed the respiratory burst (Johnston 
1978; reviewed by Babior 1982). The respiratory burst, is a complex biochemical process 
involving the generation of a variety of reactive oxygen species (ROS). It is an oxygen 
dependent process, characterised by a dramatic increase in activity of the hexose 
monophosphate shunt generating NADPH. This is utilised ultimately to reduce molecular 
oxygen bound to a unique plasma-membrane cytochrome (cyt b .. 125), and causing a burst of 
oxygen consumption. As a consequence, oxygen is converted into superoxide anion (02-), 
hydrogen peroxide (H202), singlet oxygen eo2) and hydroxyl radicals (OH}, all of which are 
potent microbicidal agents. Furthermore, the combination of hydrogen peroxide, myeloperoxidase 
and halide ions constitutes a further powerful halogenating system capable of killing bacteria, fungi 
and viruses (Figure 3.20) (Roitt, 1988). 
The biological importance of these defensive mechanisms in vertebrates is illustrated, for 
example, by an inherited condition of humans termed Chronic Granulo11Ultous Disease (CGD). In 
this disease, phagocytosis proceeds normally but the respiratory burst (02- and H20 2 production) 
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is absent, leading to recurrent and persistent bacterial and fungal infections in affected patients 
(Cumette and Babior, 1987; Halliwell and Gutteridge, 1989). 
As outlined above, the mononuclear phagocytes (namely, circulating monocytes and 
tissue macrophages), possibly supplemented by the granulocytes, act to kill pathogens though 
the generation of a battery of potent microbicidal agents. In the mononuclear phagocytes, these 
ROS are generated within the phagocytic vacuole which contains the engulfed pathogen, although 
some ROS may leak out of the host cell. Indeed, as CGD in humans shows, the production of Oz-
and H20 2 in the phagocytic vacuole is essential for the killing of many strains of ingested bacteria. 
Activated mammalian granulocytes, however, also secrete myeloperoxidase into the surrounding 
medium, where it can lead to hypochlorous acid (HOCI) formation. Other microbicidal agents are 
also released into the external environment, including lactoferrin and lysozyme. 
In mammals, activated granulocytes, macrophages and monocytes produce extracellular 
az- and H20z upon stimulation, with the potential to generate OR if the medium contains iron or 
other suitable metal catalyst. Release of these various oxidants can help phagocytes attack 
extracellular targets such as parasitic wonns or cancer cells identified by suitable recognition 
molecules. Since these oxidants may also damage the host tissues, many endogenous antioxidant 
mechanisms have evolved to minimise this important risk (Roitt, 1988; Halliwell and Gutteridge, 
1989). 
Given the importance of the respiratory burst by vertebrate phagocytes, a number of 
colorimetric and cherniluminescent techniques have been developed for measurement of its various 
components. The primary stage of many such methods is to trigger the respiratory burst in the 
cells using a suitable stimulant. One such compound is the potent tumour promoting agent, 
phorbol myristate acetate (PMA), which is present in croton oil, derived from the seeds of the 
plant Croton tiglium. PMA resembles the natural cell activator diacylglycerol, whose role is to 
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activate protein kinase C in the cell membrane. In phagocytic cells, PMA exposure, though the 
activation of protein kinase C, leads to the initiation of the respiratory burst (Halliwell and 
Gutteridge, 1989; Secombes, 1990). Some of these calorimetric and chemiluminescent techniques 
are described in the following sections with respect to their potential application to marine fish. 
3.6 Detection Of Intracellular 0 2' 
3.6.1 Introduction 
Following stimulation of phagocytic cells, intracellular production of 0 2• can be measured based 
upon the ingestion and intracellular reduction of nitrotetrazolium blue (NBT) into fonnazan 
particles. A rnicrotitre plate NBT reduction assay was originally reported for application to 
mammalian macrophages by Pick and Mizel (1981). Since then, the NBT reduction assay 
(together with harvesting techniques for adherent macrophages) has been successfully applied to 
selected freshwater fish species by Secombes and eo-workers (Secombes, 1990). In the NBT 
reduction assay, particles of the soluble yellow NBT dye are ingested by the phagocytes and then 
reduced within the phagocytic vacuoles into insoluble blue fonnazan particles. For current 
purposes, an investigation has been undertaken in order to optirnise the protocol for applying the 
NBT assay to adherent dab kidney cells (section 3.4). 
3.6.2 Materials and Methods 
The NBT assay development was integrated with the studies of cell adherence described in 
detail in section 3.4, with the specific aim of measuring NBT reduction with respect to the 
number of adherent cells per well. Briefly, dab kidney cell suspensions (2.5 x 107 cells ml'1) 
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were prepared in HBSS (plus heparin and P/S), maintained initially at IS ± I oc and then 
added to two separate microtitre plates (Cos tar UK Limited, product reference 3S9S) at I 00 
Jll per well. Both plates were then incubated under humid conditions at 20 ± 1 °C for 2 h in a 
sealed plastic container. At the end of the incubation period, non-adherent cells were 
removed by thorough washing and the cell adherence was measured in one plate as described 
above (section 3.4), the other plate being used to measure NBT reduction. 
For the NBT assay, a 2.0 mg ml" 1 solution of NBT was prepared in FCS-free HBSS 
(including heparin and P/S). Since it was difficult to dissolve the NBT fully, the suspension 
was warmed to approximately S0°C for approximately 30 min. The suspension was then 
centrifuged (400 g; S min; lS 0 C) and the yellow supernatant used for experimental purposes. 
A 1.0 Jlg Jll" 1 stock solution of phorbol myristate acetate (PMA) was prepared in ethanol and 
stored at approximately -2S°C. To stimulate the adherent phagocytes, PMA was added to 
some of the NBT solution to produce a working concentration of 1.0 Jlg PMA m1·•. In order 
to confirm that any reduction of the NBT was specifically due to 0 2·, a 2.0 mg rn1·• solution 
of NBT was supplemented with 300 Units m1·• of superoxide dismutase (SOD) as described 
by Secombes (1990). For comparative purposes, the spontaneous rate of NBT reduction was 
also monitored in adherent cells incubated in the absence of PMA under otherwise identical 
conditions. 
To start the assay, lOO 111 of the NBTIPMA solution was added to each of the 
treatment wells containing the adherent cells. Control wells each received I 00 Jll of a 
solution containing 2.0 mg NBT m1·•, 1.0 Jlg PMA m1·• and 300 Units SOD m1·•. The plates 
were then incubated at IS ± I °C for I h, after which the supernatant was removed and the 
reaction stopped by the addition of 100 111 wen·• of absolute methanol. The wells were then 
washed three times with 70 111 weir 1 of 70% methanol and were then dried overnight at 
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approximately 50°C. Next day, 120111 of !M KOH and 140111 ofDMSO were added to each 
well and the plate gently shaken in order to dissolve the dark blue formazan particles (Rook et 
al., 1985). The absorbance of the solutions in each well was then measured at 620 nm using 
a Multiskan® microtitre plate reader (Labsystems, UK). After subtraction of the blank values, 
results were expressed as the A620 per well. Cells from a total of three fish were used for each 
treatment, with four replicate wells per fish. 
3.6.3 Results 
Collection of dab kidney cells in the manner described, followed by the application of the 
NBT assay to the adherent cells, produced a clear relationship between the number of cells 
initially added per well, the numbers of adherent cells collected and intracellular 02· 
production (Figure 3.21). For example, in response to an initial addition rate of 1.0 x 105 
versus 50 x 105 cells well- 1, there was an approximate 5-fold increase in intracellular 0 2-
production, expressed as the total ~20 value per well. Similarly, the number of adherent cells 
per well increased by approximately 7-fold in response to the same increase in cell addition 
rates. Following stimulation of the adherent kidney cells by PMA, confirmation of the 
reduction of NBT by intracellular 0 2- was achieved by the presence of SOD (Figure 3.22). 
3.6.4 Discussion 
A clear relationship was observed between the adherent cell number and 0 2- production 
(Figure 3.21) following stimulation of the phagocytes with PMA. There was also no 
significant reduction of NBT in the absence of PMA, while the addition of SOD to PMA 
stimulated adherent cells led to an approximate 40% decrease in NBT reduction (Figure 
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3.22). As outlined by Secombes ( 1990), this was probably due to the limited internalisation 
of SOD by the phagocytes and the subsequently limited reduction of NBT by intracellular 0 2•• 
In conclusion, the results indicated that kidney phagocytes of dab collected in the 
manner described (details in section 3.4) were capable, on stimulation with PMA, to generate 
intracellular 0 2• as part of the respiratory burst. These results also provided a basis for 
further application of the NBT reduction assay in investigations of the effects of chemical 
contaminants the respiratory burst of marine fish phagocytes. 
3.7 Detection Of Extracellular Oz. 
3.7.1 Introduction 
The presence of extracellular 0 2·, whether purposely released from activated phagocytes or due to 
leakage from phagocytic vacuoles, can be measured using the ferricytochrorne C (FCC) reduction 
assay. In this reaction, 0 2• reduces ferricytochrome C or cyt-cJ+ (orange in colour) into 
ferrocytochrome C or cyt-CZ+ (brown in colour). A microtitre plate FCC reduction assay was 
originally reported for application to manunalian macro phages by Pick and Mizel (1981 ). Since 
then, the FCC reduction assay has been successfully applied to selected freshwater fish species by 
Secombes and eo-workers (Secombes, 1990). In order to gain experience in this technique prior 
to its potential application to environmental contaminant investigations, work was undertaken in 
order to optirnise the FCC assay for use in dab kidney and spleen cells. 
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3.7.2 Materials and Methods 
Since the FCC reduction assay reagents may be measured in situ, it was not necessary to use 
adherent cells for this purpose and so, for practical reasons, kidney or spleen cell suspensions were 
employed (preparation details in section 2.9). Investigations were then undertaken with the aim of 
comparing the extracellular production of 0 2- by kidney and spleen cells in vitro, both in tenns of 
the magnitude and kinetics of the respiratory burst. 
Briefly, a 2.0 mg ml-1 solution ofFCC was prepared in HBSS (including heparin and P/S). 
To stimulate the cells, PMA (from a 1.0 Jlg J.!l-1 stock solution prepared in ethanol and stored at 
::>26°C) was added to some of the FCC solution so as to give a stock concentration of 2.0 Jlg ml-1• 
In order to confmn that any reduction of the FCC was specifically due to 0 2-, some of the FCC 
solution was supplemented with 300 Units/ml of SOD (after Secombes, 1990). 
To start the assay, lOO Jll of the cell suspension was first added into each well of 96-well 
Linbro® microtitre plates, previously acclimated to 15 ± l°C. Immediately after, lOO Jll of the 
FCC solution (working concentrations: 1.0 mg FCC ml'1; 1.0 Jlg PMA ml'1) was added into the 
treatment wells containing the cells. Control wells each received lOO Jll of either FCC only (1.0 
mg ml'1) or 1.0 mg FCC ml'1; 1.0 Jlg PMA m1'1; and 150 Units SOD ml-1• 
The plate was immediately placed onto the microtitre plate reader and the absorbance of 
the solutions in each well was measured in situ at 550 nm (A550) for the required period. At the 
end of the reaction period, the plate was centrifuged (400 g; 5 min; l5°C) and from each well lOO 
Jll of supematant transferred into a clean plate and the supematant A550 measured. After 
correcting for the background A550 values, the amount of 0 2' produced per well (containing lOO Jll 
well-1) was calculated using the formula reconunended by Pick and Mizel (1981): nanomoles 0 2-
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per well= (Asso x lOO) I 6.3. The production of02. was also expressed in tenns of the cell number 
in each well. 
3. 7.3 Results 
Variation in the number of kidney cells per well resulted in a marked effect of extracellular 0 2• 
production in tenns of the A550 values measured over a 30 min period at 15 ± l°C (Figure 3.23). 
The A55o values reached a plateau after five min with ;?: 1.25 x 106 cells wen·• and proceeded at a 
proportionately slower rate with reduced cell numbers per well. There was also evidence of the 
peak Asso values subsequently declining at the higher cell quantities which was suggestive of the 
re-oxidation of ferrocytochrome C by an unknown reaction product. 
Using the same range of dab kidney cell numbers, a second experiment was conducted for 
a total of 15 min at 15 ± I °C. Based on analysis of the supematant, there was an almost constant 
production of extracellular 0 2. per well (Figure 3.24). However, there was an inverse relationship 
between the cell number per well and the nM 0 2• produced per I 06 cells, the reductions being 
significant (ANOV A, P<0.01) in all of the treatments at or above 0.313 x 106 cells wen·•. 
When an experiment similar to that summarised in Figure 3.24 was conducted with 
between 1.0 x I 04 to 1.0 x l 06 kidney cells welf1, significant increases in tenns of the extracellular 
0 2• per well were observed (ANOVA, P<0.01). Furthermore, the same inverse relationship was 
observed between the initial cell number per well and the concentration of extracellular 0 2. per 106 
cells, with significant reductions at both the higher cell quantities (ANOVA, P<O.Ol) (Figure 
3.25). The pattern of extracellular 0 2. production observed for kidney cells was broadly repeated 
when spleen cells were examined in the same manner (Figure 3.26). 
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3. 7.4 Discussion 
Historically, microtitre plate techniques such as the FCC reduction assay have primarily been 
applied to the study of the respiratory burst in phagocytes from mammalian species. In contrast, 
the phagocytic respiratory burst in fish species has more often been measured using the 
chemiluminescence assay (Anderson, 1990; Matthews et al., 1990). However, the microtitre plate 
approach offers the potential to evaluate specific ROS, it requires small quantities of tissue and 
assay reagents and allows the semi-automated processing of large numbers of samples in minimal 
period. 
The FCC reduction assay proved to be a relatively simple and rapid method of measuring 
the production of extracellular 0 2- by dab kidney and spleen phagocytes. Using high kidney cell 
numbers incubated at approximately l5°C, peak values of extracellular ~- production appeared 
within 5 min and subsequently declined at the higher cell quantities (Figure 3.23). This may have 
been due to the re-oxidation of ferrocytochrome C into ferricytochrome C by H20 2 as has been 
suggested by other workers (Leslie and Alien, 1987; Vandervalle and Peterson, 1987). There also 
appeared to be a slightly greater production of extracellular ~- by suspensions of kidney cells as 
opposed to spleen cells. A similar observation in dab was reported by Secombes et al. (1991). 
As an assay of 0 2. production, the FCC reduction assay was significantly less time 
consuming than the NBT assay, primarily in view of the need to collect adherent cells for the latter 
method. In addition, practical difficulty was periodically experienced in dissolving the NBT which, 
while constant within experiments, may have led to some inconsistency between experiments. The 
FCC assay perhaps also had the appeal of generating results which could be expressed in terms of 
actually ROS concentrations as opposed to simply an absorbance value. 
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3.8 Detection Of Extracellular H20 2 
3.8.1 Introduction 
While previous sections focused upon the development of techniques to measure production of the 
primary free radical, 0 2-, by activated phagocytes, it is also known that H20 2 is also an important 
anti-microbial oxidant generated within the respiratory burst. Whether actively discharged from 
activated phagocytes or due to leakage from phagocytic vacuoles, the presence of extracellular 
H20 2 can be measured using the phenol red reduction assay. In this reaction, phenol red is reduced 
by H20 2 which, under alkaline conditions, undergoes a characteristic colour change from red to 
purple. 
A microtitre plate version of the phenol red reduction assay was originally reported for 
application in mammal systems by Pick and Mizel (1981 ). Since then, the phenol red reduction 
assay has been successfully applied to selected freshwater fish species by Secombes (1990). In 
order to gain experience in this technique prior to its potential application to environmental 
contaminant investigations, work was undertaken in order to optimise the FCC assay for use in 
dab kidney and spleen cells. 
3.8.2 Materials and Methods 
Since phenol red reduction can be measured in situ, it was not necessary to use adherent cells for 
this purpose and so, for practical reasons, the original cell suspensions were employed (details in 
section 2.9). Investigations were undertaken with the aim of comparing the extracellular 
production of H20 2 by kidney and spleen cells in vitro, both in terms of the magnitude and kinetics 
of the respiratory burst. 
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A 0.02% (w/v) stock solution of phenol red also containing 0.01% (w/v) horseradish 
peroxidase (HP) was prepared in HBSS (including heparin and P/S). To stimulate the cells, PMA 
(from a 1.0 11g !!1'1 stock solution prepared in ethanol and stored at -26°C) was added to some of 
the phenol red/HP stock solution so as to give a stock concentration of 2.0 11g ml-1• In order to 
confirm that any reduction of the phenol red was specifically due to H20 2, some of the phenol 
red/HPIPMA solution was supplemented with 200 11g ml'1 of catalase (after Secombes, 1990). 
To start the assay, 100 111 of the cell suspension was first added into each well of 96-well 
Linbro® microtitre plates, previously acclimated to 15 ± I 0 C. Immediately after, lOO 111 of the 
phenol red/HPIPMA solution (working concentrations: 0.01% phenol red; 0.005% HP; 1.0 11g mr 
1 PMA) was added into the treatment wells containing the cells. Control wells each received lOO 
111 of either phenol red/HP only or phenol red/HP/PMA/catalase (the latter at 100 118 ml'1). The 
microtitre plate was then incubated at 15 ± 1 oc for the specified period. At the end of this time, 
the plate was centrifuged (400 g; 5 min; l5°C) and then 20111 of IN NaOH added to each well. 
After approximately 5 min, 100 111 of supematant was removed from each well, transferred 
into a clean plate and then the supematant At;20 measured. After correcting for the background 
A550 values, the amount of H2~ produced per well was calculated from a standard curve 
generated under the same conditions (Figure 3.27). 
3.8.3 Results 
The phenol red assay was initially deployed in order to assess the production of extracellular H202 
in response to numbers of (non-adherent) kidney cells per well and incubation times of 30 and 60 
min at 15 ± 1 oc (Figure 3.28). In terms of the J.1M H20 2 per well after 30 min, there was a 
minimal response at the lowest cell density used, while by comparison, the 5.0 x l<Y and 5.0 x 106 
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cells well-1 treatments produced significantly higher values (3.5 and 3.7 tJ.M H20 2 per well, 
respectively) (ANOVA, P<O.Ol). After a total of 60 min, phenol red reduction was greatest at the 
higher cell density, with a mean value of 31 j.lM H20 2 per well. Results were also expressed in 
tenns of tJ.M H20 2 per I 06 cells. After 30 min incubation, this parameter was maximal in the 
intermediate treatment, with a significant decline at the highest cell quantity per well (ANOV A, 
P<O.Ol) (Figure 3.28). After 60 min, there was a slight decline in the mean tJ.M H20 2 per 106 cells 
for the intermediate treatment but an approximate 2-fold increase at the highest cell density. 
In parallel with the experiment described above, the phenol red assay was applied to 
monitor extracellular H20 2 production by dab spleen cells (Figure 3.29). In tenns of tJ.M H202 
well-1 measured after 30 min, there was a minimal response in the two lowest cell densities 
examined and approximately 1.5 j.lM H20 2 per well at 5.0 x 106 cells well-1• After 60 min, there 
remained a minimal response in the two lowest cell densities examined and approximately 2.9 tJ.M 
H2~ well-1 at 5.0 x 106 cells welr1• A similar temporal pattern was observed when the production 
of H202 was expressed in tenns of tJ.M H20 2 per well or per I 06 cells after 30 or 60 min. 
3.8.4 Discussion 
The rnicrotitre plate version of the phenol red assay was found to provide a practical and sensitive 
means of detecting the extracellular production of H20 2 by phagocytes from the kidney and spleen 
of dab. Overall, there appeared to be a markedly greater production of extracellular H20 2 by 
suspensions of kidney cells (typically 3.7 to 7.0 tJ.M H20 2 per 106 cells) as opposed to spleen cells 
(typically 0.2 to 0.6 tJ.M H2~ per 106 cells). Similarly, Secombes et al. (1991) reported the 
production of H20 2 by dab kidney cells to be almost twice that of spleen cells based upon the 
phenol red assay. 
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Although the relationship between dab lymphoid cell numbers and extracellular H20 2 
production was not always directly related, for example with respect to kidney cell numbers, this 
variability may have been due to differences in the numbers of phagocytic cells present within the 
lymphoid cell preparations used for these baseline experiments. If this was the case, this suggests 
that the phenol red reduction assay may be a more sensitive assay of ROS production than the 
NBT or FCC assays described earlier. 
In common with the FCC reduction assay, the phenol red assay also had the feature of 
being applicable to mixed lymphoid cell populations, although the method may also be used on 
adherent or other semi-purified cell types. Finally, the phenol red assay also has the attribute of 
allowing results to be expressed in terms of the actual concentration of H20 2 per 106 cells, giving 
the possibility of directly comparing production of different ROS by the specific types of 
phagocytic cell. 
3.9 Oxyradical Detection By Chemiluminescence 
3.9.1 Introduction 
Activated phagocytes emit a weak 'background' light emission. A chemiluminescence 
technique to monitor this light emission was first reported by Alien et al. ( 1972) investigating 
human polymorphonuclear cells and has since been used to monitor various events associated with 
the 'respiratory burst' of phagocytes (Webb et al., 1974; Welch, 1980). This background light 
emission can be greatly enhanced by the addition of luminol (5-arnino-2,3-dihydro-1 ,4-
phthalazinedione) or lucigenin (Van Dyke et al., 1977). The biochemical basis of this 
amplification is due to the oxidants 'exciting' the luminol molecule to the unstable arninophthalate 
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Values as mean± SE (n = 8). Significantly different from 
5.0 x 104 cells.we11·1 (AN OVA;* P<O.OS; ** P<0.01). 
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anion which emits light on returning to the ground state. While, however, background light 
emission is thought to be due to the production of 0 2- and H20 2 (leading to the 
chemiluminescence that accompanies oxidant production in activated phagocytes), enhanced light 
production in the presence of luminol is thought to largely involve the myeloperoxidase - H20 2 -
Cl- system (Halliwell and Gutteridge, 1989). 
Application of the chemiluminescence assay to fish was pioneered by Scott and Klesius 
(1981), using zymosan (a polysaccharide, protein and ash mixture derived from yeast, 
Saccharomyces cerevisiae) as a phagocytic stimulant. Since then, this method has been widely 
used in fisheries research to assess the impact of several biological factors on immune function. 
These studies include the evaluation of temperature effects in rainbow trout (Sohnle and Chusid, 
1983); opsonisation kinetics of bacterial pathogenicity in striped bass (Stave et al., 1983, 1984 ); 
channel catfiSh cell mediated immunity (Scott et al., 1985); hydrocortisone treatment in striped 
bass (Stave et al., 1985); stress responses in salmonids (Angelidis et al., 1987); primary phagocyte 
distribution in rainbow trout (Piytycz et al., 1989); and neurotransmitter modulation of rainbow 
trout cellular immunity (Bayne and Levy, 1991). 
The same basic method has also been employed in monitoring the activity of phagocytes 
sampled from several estuarine and marine fish species exposed to chemical contaminants, 
including heavy metals (Elsasser et al., 1986), tributyltin (Wishovsky et al., 1989), contaminated 
sediments (Field, 1990) and pentachlorophenol (Roszell and Anderson, 1993). Since this assay is 
also considered to be a sensitive index of phagocyte function, and relates to an early stage of the 
teleost immune response (Anderson, 1990), a programme of investigation was initiated to develop 
a chemiluminescence assay for application to dab kidney phagocytes. 
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3.9.2 Materials and Methods 
Dab kidney cell suspensions ( 1.0 x I 07 cells mr') were prepared in Incomplete HBSS (Mg2+ and 
Ca2+ free HBSS) to prevent cell clumping and to maximise the phagocyte yield during the cell 
separation process (section 2.9) (Scott and Klesius, 198I). 
Luminal (5-amino-2,3-dihydro-1 ,4-phthalazinedione) (Sigrna A-8511) was prepared as a 
stock solution (10 rug mr') on a weekly basis, and a working solution (0.1 rug mr') prepared from 
this on a daily basis. All luminol solutions were wrapped in aluminium foil and stored in a 
refrigerator at 4°C when not in use. 
Zymosan (Sigrna Z-4250) was prepared according to the method of Scott and Klesius 
(1981 ). This is summarised as follows: (I) 20 rug of zymosan was added to 2.0 ml of PBS in a 
glass boiling tube and placed in a 90- l00°C water bath for 30 ruin; (2) the volume was then made 
up to 10 ml with PBS, giving a zymosan suspension of approximately 2.0 rug ml-1; (3) the 
suspension was then centrifuged using an MSE 2000 bench centrifuge (600 g; 5 ruin; 20°C 
throughout); (4) after discarding the supematant, the pellet was resuspended in 3.0 ml of cell free 
dab serum and incubated for 1 h at 15 ± I °C; (5) the opsonised zymosan was then centrifuged, the 
pellet resuspended in 5.0 ml of complete HBSS; (6) centrifuged again and the pellet resuspended 
in 4.0 ml of complete HBSS, giving a final zymosan suspension of 5.0 rug mr'. For the non-
opsonised zymosan, the serum was replaced by 3.0 ml of PBS in stage (4) of the method. 
Opsonisation of zymosan with chicken serum (Sigrna S-6773) was conducted over I h at 25 ± 
l°C. 
Chemiluminescence assays were conducted at room temperature (approximately 20°C) 
using a scintillation counter (Packard Model 3320 TriCarb) functioning as a photon detector in the 
out-of-coincidence mode. Dark-adapted polyethylene 4 ml capacity mini-vials (Canberra-Packard, 
91 
UK) were used to contain the assay reagents during counting. To prepare for the assay, 300 111 of 
kidney cell suspension was added to each vial, followed by the addition of 60 111 of luminal 
solution per vial, and then, in order to initiate the respiratory burst, followed by the addition of 240 
IJ.I of zymosan suspension. The vials were immediately placed into the counting chamber of the 
scintillation counter, the lid closed to exclude light and counting started. 
Each count was made over a 20 second period and the chemiluminescence expressed as 
counts per min (cpm). Counting of each sample was continued over approximately 1 hand was 
repeated over 12 cycles. The assays were conducted within approximately one hour of necropsy 
unless specified otherwise. As a measure of the background chemiluminescence, the zymosan 
volume was replaced by an equivalent volume of complete HBSS. Unless specified otherwise, all 
reagents were purchased from Sigma Chemical Company, Poole, UK. Results were expressed in 
terms of the maximum chemiluminescence value recorded (mean peak height; for clarity in 
presentation of results, SE values were not routinely given). 
3.9.3 Results 
Effects of cell suspension, luminal and zymosan quantities. An initial experiment used 100 IJ.l of 
cell suspension, 80 IJ.I of zymosan suspension and 20 IJ.I of luminal solution per vial, comparing the 
effect of multiplying all these quantities (termed the 'reference quantity' or 'RQ') by a factors of 1 
to 5 (Figure 3.30). Maximum responses (as peak cpm) were observed within l0.7 to 16 min. 
After adjusting for the background counts, peak values ranged from 5134 cpm (for RQ x 1) to 
12150 cpm (for RQ x 3). Surprisingly, using 4 and 5 times the RQ did not lead to increased 
chemiluminescence, possibly due to a quenching of the light emission as the turbidity of the vial 
contents increased. Based upon these results and practical limitations on zymosan availability, it 
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was decided to use the RQ x 3 reagent quantities (viz. 300 ~I of cell suspension, 240 ~I of 
zymosan suspension and 60 ~I of luminol solution) as a basis for future assays. 
Effects opsonisation with chicken serum and age of cell suspension. In dab kidney cell 
suspensions used in the chemiluminescence assay within either one or three h of necropsy, peak 
responses were typically observed after approximately I 0 min incubation with zymosan and 
luminal (Figure 3.31). Mean peak values (adjusted for the background) for non-opsonised and 
chicken serum opsonised zymosan treatments were not significantly different. 
The ratios of mean peak values for dab kidney cell suspensions assayed after 1 and 3 h 
post-necropsy were 1.0 : 0.12 (non-opsonised zymosan) and 1.0 : 0.15 (zymosan opsonised with 
chicken serum), respectively. Overall, these values represented an approximate 7-fold decline in 
the chemiluminescence response of the kidney cell suspensions under the conditions of the assay. 
Effect of serum source on opsonisation of zymosan. Peak chemiluminescence responses 
were observed within 5.3 to 16 min of the start of the assay (Figure 3.32). Comparing equal 
reagent volumes, peak values (adjusted for the background) for zymosan opsonised with frozen 
pooled dab or chicken serum or non-opsonised controls, were in the ratio 3.3: 1.8: 1.0, 
respectively. Repetition of this experiment gave mean peak values (adjusted for the background) 
for non-opsonised and dab serum opsonised zymosan treatments in the ratio of 1.0 : 7.9 (Figure 
3.33). 
3.9.4 Discussion 
Initial experiments were conducted to evaluate the optimal quantities of cell suspension, luminal 
and zymosan required for assessing dab kidney phagocyte chemiluminescence in a scintillation 
counter, the result being 300 ~I of cell suspension (1.0 x 107 cells ml'1), 240 ~I of zymosan 
suspension (5.0 mg ml'1) and 60 ~I of luminal solution ((0.1 mg ml'1). Expressed in terms of the 
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ratio, total dab kidney cell numbers (x 106): luminol (in J.Lg): zymosan (in J.Lg), this gave a ratio of 
3 : 6 : 1200 (I: 2 : 400), respectively. Similarly, Field ( 1990) working with whole kidneys of 
juvenile turbot used the same reagents in the ratio 1.0 : 2 : 400, respectively. In contrast, working 
with Percoll® separated fish kidney macrophages, Matthews et al. (1990) recommended using the 
same reagents in ratios of between 1.0 : 2.8 : 2000 and 1.0 : 28 : 20,000, respectively. 
In an attempt to evaluate the variability between experiments on dab kidney cell 
suspensions, the chemiluminescence data were analysed in terms of the non-opsonised zymosan 
treatments versus background mean peak values (signal to noise ratio), giving a mean value of 24 
(range 7- 77; n = 4). In contrast to these results, data generated using a luminometer and reported 
by Field (1990) give an equivalent mean signal to noise ratio of76 (range 45- 100). 1bis suggests 
the potentially relatively lower sensitivity of the scintillation counter compared with a luminometer 
for chemiluminescence measurements. Use of the scintillation counter, however, did have the 
benefit of semi-automation, allowing a larger number of samples to be assayed within each 
experiment. 
Further investigations were, therefore, undertaken using various potential opsonins, with 
the aim of maximising the signal to noise ratio of the chemiluminescence assay. For practical 
purposes, frozen (-26°C) pooled dab serum was used as a primary opsonin source and was 
compared with commercially available frozen chicken serum, based on the recommendation by 
Matthews et al. (1990). Results from current experiments indicated that while zymosan opsonised 
with dab serum produced an increase of between 3.3 to 7.9-fold in peak chemiluminescence, 
zymosan opsonised with chicken serum produced between a 0.9 to 1.8-fold change in this 
response. A possible factor affecting the phagocytosis of zymosan opsonised with chicken serum 
by dab leucocytes is that, given the large phylogenic gap between fish and birds, dab phagocytes 
may not have suitable receptors for the complement factors present in chicken serum 
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Temperature during the opsonisation process may also have contributed to these 
observations, in that the incubation temperature during the opsonisation of chicken serum was, for 
practical reasons, 25 ± l oc (section 3.9.2), whereas Matthews et al. (1990) recommend using 30 
± l °C, a temperature nearer to the normal body temperature of chicken. Working with turbot 
kidney leucocytes, Field ( 1990) observed that zymosan opsonised with serum from relatively 
closely related marine fish species (namely, brill, plaice and sole) produced a 0.7 to 1.9-fold change 
in the chemiluminescence peak response, as compared to non-opsonised zymosan treatments. 
Field ( 1990) also reported that such non-homologous serum was a less effective opsonin after 
storage at -24°C as compared with storage at -180°C. 
Using the chemiluminescence assay in channel catfish, Scott and Klesius (1981) also 
reported serum specific effects for zymosan opsonisation, observing that zymosan opsonised with 
homologous serum produced an approximate doubling in the chemiluminescence response as 
compared with non-opsonised treatments. There was no significant increase in this response, 
however, when either bovine or equine serum was used as an opsonin. Stave et al. (1984) also 
reported that zymosan opsonised with homologous serum elicited a chemiluminescence response 
which was faster and reached a peak value approximately 5-fold greater than the non-opsonised 
value. 
Dab kidney cell suspensions assayed after approximately 1 and 3 h post-necropsy showed 
an approximate 7-fold decline in the peak chemiluminescence response. These observations may 
possibly have been due to reduced phagocyte viability (apparently undetected by the trypan blue 
exclusion assay) or adherence to the surfaces of the centrifuge tube in which the cells were held. 
Similarly, Field (1990) showed that after 3 h, the response from turbot kidney 
cell suspensions declined by approximately 3-fold. Clearly, however, it is important to standardise 
upon this parameter when using the chemiluminescence assay as an index of immunocompetence. 
The large intra-treatment variability experienced in these experiments, similar to that reported by 
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other users of this assay (Stave et al., 1983) also emphasised the need to consider increasing the 
extent of replicates per treatment. Bearing in mind these practical aspects, it was concluded that 
the chemiluminescence assay appeared to be a valuable, non-specific index of the respiratory burst 
by dab kidney phagocytes and could be usefully applied to examine the impact of chemicals on 
marine fish immune function. 
3.10 General Discussion 
The overall aim of the work presented in this chapter was to develop a suite of techniques which 
could be applied, ideally in parallel, to evaluate non-specific immune function in dab and other 
marine flatfish. Although initial studies adapted older equipment (for example, scintillation 
counting), the advantages of using state-of the-art technology such as an automated microtitre 
plate reader were soon readily apparent. Given the expected significant variability in immune 
function of wild fish such as dab, this was clearly relevant so as to be able to maximise sample sizes 
and better detect trends between treatments. 
The developmental work also provided a valuable opportunity to consider a number of 
experimental factors that may impact on in vitro assays of fish immune function. The factors 
considered included temperature, pH, quality of test apparatus (e.g. microtitre plates), as well as 
the interactions between components of the cellular and humoral arms of the vertebrate immune 
system Such baseline information is not only of relevance to the development of immune function 
assays in a broad sense but is also of fundamental importance in the evaluation of the effects of 
potential chemical immunotoxicants 
Finally, by exploring several methods of measuring a given immune function (for example, 
the phagocyte respiratory burst), this diversity of methods maximises the chance of having a 
suitable method available for the differing needs of field monitoring or laboratory testing. With this 
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CHAPTER4 
FIELD INVESTIGATIONS OF IMMUNE FUNCTION IN DAB, Limanda limanda 
(L.), SAMPLED FROM THE NORTH SEA AND THE ENGLISH CHANNEL 
4.1 General Introduction 
It is widely recognised that to understand adequately the potential relationship between the 
presence of chemical contaminants and fish disease prevalences in coastal ecosystems, there is 
a need for an integrated field and laboratory approach. Malins and eo-workers (1984, 1987), 
for example, have clearly demonstrated the power of such an integrated field-laboratory 
strategy during their extensive studies of the convincing link between environmental 
contamination by PAHs and cancer in flatfish from Puget Sound, North America. A number 
of European groups has also begun to adopt this approach, illustrated for example, by the 
integrated field and mesocosm studies by Vethaak and colleagues (summarised by Vethaak, 
1993) and by Bucke and eo-workers (reviewed by Bucke, 1991). 
It was, therefore, decided to evaluate immune function in marine flatfish sampled 
during field monitoring exercises. A review of the published literature suggested that such 
investigations may usefully focus on non-specific immunity, including both cellular and 
humoral parameters. This chapter presents the results of two such field monitoring studies, 
the first as a participant in an international workshop on the biological effects of marine 
contaminants (the 'Bremerhaven workshop') and second, a seasonal monitoring study of fish 
from the English Channel. 
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4.2 Introduction To The ICES/IOC Bremerhaven Workshop 
Growing concern over the potential biological significance of chemical contamination of the 
marine environment has focused on the need for suitable biological effects assessment techniques. 
With this objective in mind, the Group of Experts on the Effects of Pollution (GEEP), part of the 
International Oceanographic Commission (IOC) and the International Council for the Exploration 
of the Sea (ICES) Working Group on the Biological Effects of Contaminants organised the /CES-
IOC Bremerhaven Workshop on Biological Effects Techniques held from 12 to 30th March 1990. 
The activities of the workshop participants were divided into several important areas of interests, 
including (l) indices of health and disease in dab, (2) bioassays of water and sediment quality, (3) 
integrated measures of benthic environmental quality, and (4) characterisation of chemical 
contamination (Stebbing et al., 1992). The data on fish immunity were collected as an ancillary 
exercise to the formally submitted monitoring techniques evaluated within the workshop's 
Molecular and Cellular Pathology group in which the author participated (Simpson and 
Hutchinson, 1992). 
The biological techniques were deployed along an established contamination gradient in 
the southern North Sea. The sampling transect extended some 200 km from the mouths of the 
Rivers Elbe and Weser to the eastern side of the Dogger Bank, incorporating 9 sampling stations. 
The hydrological and physico-chemical rationale for selecting the precise transect location is 
discussed in Stebbing et al., (1992) and the positions of the sampling stations are shown in Figure 
4.1. The dab, Limanda limanda (L.), was selected for as the fish monitoring species during the 
workshop, reflecting the established role of this sentinel marine species for the North Sea 
environmental quality monitoring programmes. 
Given the resources available during the workshop, studies of dab immunity concentrated 
solely on morphological parameters. Indeed, morphological assessments of cellular immunity are 
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considered to play a valuable role in the tiered evaluation of chemical effects on vertebrate 
immunity. Techniques for inclusion in this approach include differential blood cell counts, 
lymphoid organ weights and tissue histology (Dean et al., 1986). In view of practical constraints, 
therefore, it was decided to undertake a morphological analysis of the secondary lymphoid organs 
of dab (namely, the kidney and spleen). 
With this rationale, an investigation was undertaken to assess the utility of examining the 
lymphoid tissues of dab sampled at sea, to generate potentially valuable baseline lymphoid tissue 
morphology data and also, to ascertain whether there were any significant variations in the tissues 
examined from dab sampled along the chemical contamination gradient. 
4.2.1 Materials and Methods 
Sampling stations were located along 200 km transect running north-west from the 
mouths of the Rivers Elbe and Weser to the Dagger Bank in the southern North Sea (Figure 4.1). 
Fish were caught in trawls made typically at 30 rnin intervals and of typically 15 rnins duration until 
the required numbers of fish of specified length, and condition were obtained. Captured fish were 
held in large aerated tanks on board the ship for approximately 4 to 24 h prior to examination. 
Fish were sacrificed as described in section 2.2.3. The total and standard lengths, sex and 
spawning condition of each fish were recorded, together with the disease condition of the body 
surface and abdominal cavity. The spleen and kidney samples were carefully removed from the 
abdomen and placed into clean glass vials containing PBS. Though desirable, it was not possible 
to maintain sterile equipment under the circumstances of the ship-board necropsy procedures. 
Therefore, equipment was cleaned in methanol between the sampling of each tissue in an attempt 
to minimise biological contamination during collection of the tissue samples. Lymphoid tissue 
imprints were made onto clean glass microscope slides directly from swabbed tissue samples held 
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gently in forceps (Ashley and Smith, 1963), stained with May-Grunwald/Giemsa and differential 
cell counts made as described in section 2.6. All slides were coded and read 'blind' so as to avoid 
bias. 
4.2.2 Results 
External observations. All dab sampled for the lymphoid cell assessments were free from disease 
based on gross examination of their body surface and abdominal cavity. The total lengths of the 
fJSh sampled ranged from approximately 14 to 22 cm 
Differential cell counts. Results from the differential kidney and spleen cell counts are 
presented in Figures 4.2 and 4.3, respectively. For the kidney imprints, based upon the percent 
composition, the most common cell types observed were erythrocytes (ranging from 25.6 to 49%) 
and lyrnphocytes (29.4 to 47.9%). Immature erythrocytes in the form of haernoblasts and 
erythroblasts typically represented less than 15% and 12% of the cells observed, respectively. 
Even less frequently observed were granulocytes and rnacrophages at levels of less than 9% and 
5%, respectively. 
For the spleen imprints, based upon the percent composition, the most common cell types 
observed were erythrocytes (ranging from 23.8 to 72.4%) and lyrnphocytes (16.3 to 63.6%). 
Immature erythrocytes in the form of haemoblasts and erythroblasts typically represented less than 
8% and 17% of the cells observed, respectively. Even less frequently observed were granulocytes 
and macrophages at levels of less than 5% and I%, respectively. 
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Figure 4.1 
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Location of the fish sampling stations (locations 1 - 9) during the March 
1990 ICES/IOC Bremerhaven workshop. Sampling stations 1 • 3 
represented the inshore sites which were known to be contaminated from 
the Rivers El be and W eser, while station 9 on the Dogger Bank also 
showed indications of chemical contamination. Station 7 was therefore 
designated as the reference station by the workshop organisers. Full 
details in Stebbings et al. (1992). 
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Figure 4.2 Differential kidney cell counts in dab, L. limanda (L.), sampled 
from the Bremerhaven transect. Values as mean ± SE, 
* significantly different from station 7 (ANOVA, P<O.OS). 
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Figure 4.3 Differential spleen cell counts in dab, L. limanda (L.), sampled 
from the Bremerhaven transect. Values as mean ± SE, 
* significantly different from station 7 (ANOVA, P<0.05). 
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4.2.3 Discussion 
The primary aim of the current study was to evaluate techniques that could be applied in a field 
situation to examine marine fish lymphoid tissues. In view of the preliminary nature of the work, 
together with practical constraints of sampling at sea, a morphological approach was adopted 
using indices of lymphoid tissue cellularity and differential staining techniques. The use of 
haematological staining to help differentiate between cell types is an established technique for use 
in the morphological evaluation of the immune system (Biaxhall and Daisley, 1973; Peters and 
Schwarzer, 1985; Peters et al., 1991). Also, this initial examination of morphological tissue 
parameters is in accordance with the first stage of the tiered approach recommended for cost-
effectively assessing immunotoxicity in vertebrates (Dean et al., 1986). 
Applying this technique to kidney tissue indicated that there were statistically significant 
differences between fish sampled along the German Bight transect. In terms of developing and 
mature erythrocytes, there were significant reductions (ANOV A, P<0.05) in erythroblast numbers 
at stations 1, 5 and 6 and in erythrocyte numbers in dab from station 5 only. In terms of the kidney 
leucocytes identified, both lymphocyte and macrophage numbers were significantly increased 
(ANOV A, P<0.05) in fJSh sampled from station 5. 
Applying the same method to spleen imprints, cell count data indicated that there were 
statistically significant differences between fish sampled along the German Bight transect. In terms 
of developing and mature erythrocytes, there were significant increases (ANOV A, P<0.05) in 
haernoblasts in fish from station 8 and in erythroblast numbers in fJSh from station I only. In terms 
of the splenic leucocytes identified, lymphocyte numbers were significantly reduced (ANOV A, 
P<0.05) in fiSh from stations I and 3. 
In view of their relative scarcity, rnonocytes, plasma cells and thrombocytes were not 
counted during the current study, although these cells have been reported in the teleost lymphoid 
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tissues (Bodanuner et al., 1990). The effects of sampling stress on leucocyte integrity may have 
been an important factor in this context. For example, it is known that marine fish thrombocytes 
are especially fragile and easily loose their cytoplasm when subjected to handling stress (Eilis, 
1977). 
There are several factors of potential significance in explaining the current fmdings, 
including infectious disease agents as well as chemical contamination of the sampling area. 
Although not relating directly to the dab used for the current analyses, other dab were also 
sampled at the same time for histopathological examination and were observed to be free of 
bacterial and fungal infections. Histopathological evidence of viral infection (namely, 
lymphocystis) was observed only in dab sampled from stations 8 and 9, whilst parasitic infection 
was observed in fish sampled at all stations along the transect (Simpson and Hutchinson, 1992). 
To further interpret the potential role of pollution in contributing to the current observations, 
however, details of chemical contaminant levels across the sampling transect and in the tissues of 
dab sampled during the workshop are required. 
Overall, no clear trends in the lymphoid organ parameters monitored were observed along 
the German Bight transect. The potential impact of sampling stress on the cellular parameters 
monitored during this study needs to be given particular consideration. Specifically, it may be that 
either the sensitivity of the methods applied were compromised by the 'noise' of the sampling 
procedure which thus masked any contaminant-induced 'signal'. Alternatively, the gradient 
contaminant levels may generally have been insufficient to severely affect the dab lymphoid tissues 
as measured using the techniques described. Interpretation of these data may be clarified with the 
future availability of analytical chemistry data from other workshop participants, together with an 
aided understanding of dab migratory patterns relative to the sampling times (Rijnsdorp et al. 
1992). Therefore, these results may be regarded as baseline data for the southern North Sea dab 
populations. 
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There appears to be a general paucity of published information on marine fish lymphoid 
organ cellularity in the context of environmental stress. In juvenile rainbow trout, however, 
enforced social stress resulted in a reduction in haemoblast, lymphocyte and neutrophil numbers, 
together with increased numbers of hypertrophic macrophages, stimulated erythrocyte destruction 
and tissue necrosis (Peters and Schwarzer, 1985; Peters et al., 1991). These observations may be 
interpreted using the response pathway model of vertebrates to stress in terms of the General 
Adaptation Syndrome (Selye, 1950). In this context, stressors act on the hypothalamus 
stimulating the anterior pituitary to produce corticosteroids (the primary effect), in turn leading to 
immunosuppression (the secondary effect). These immunological effects include enhanced 
phagocytic activity, lymphocytopenia. Finally, if the stress is severe enough the tertiary effects, 
namely tissue lesions and death result (Eilis, 1981; Sindermann, 1990). 
Comparatively more information is available on observations made using peripheral blood 
of freshwater and marine fish in order to evaluate a variety of stressors, including chemical 
exposure (Biaxhall, 1972; Heath, 1987). For example, in winter flounder, Pseudopleuronectes 
americanus (L.), Daniels and Gardner ( 1989) reported increases in peripheral blood lymphocyte 
and immature erythrocyte numbers in fish sampled from polluted versus non-polluted watersheds. 
Additionally, Secombes et al. (1991) exposed dab to municipal sewage sludge and reported no 
observed changes in peripheral blood Iymphocyte and neutrophil numbers, together with reduced 
erythrocyte and thrombocyte numbers and increased monocytes. For reference purposes 
haematological effects in mammals exposed to tox.icants are reviewed extensively by Smith (1986). 
Information on other factors significantly affecting the haematological status of fish have 
also been reported for seasonal trends (Denton and Yousef, 1975), pathogen infection (Barham et 
al., 1980) and sampling stress (Lowe-Jinde and Niirni, 1983). Therefore, before the use of 
haematological parameters can be fully utilised as an index of pollution effect in selected fish 
species more data are required to define their nonnal range. 
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4.3 Introduction To The Lyme Bay Seasonal Monitoring Study 
Considerations of the potential effects of anthropogenic contaminants on marine fish 
immunity need to be made in the context of the natural baseline in the relevant immune 
functions. In this respect, it is widely recognised that there are marked seasonal differences in 
the occurrence of infectious disease outbreaks in many cultured and wild fish populations. In 
salmonids, for example, heavy mortalities occur around spawning time and are often 
associated with bacterial and fungal infections (Roberts, 1989; Sindermann, 1990). Similarly, 
Weissenberg ( 1938) observed maximal infection rates for lymphocystis virus during the 
spawning period of orange file fish, Aleutera schoephii (L. ), as did Amin (1979) in walleye, 
Stizostedion vitreum (L.). 
Cultured channel catfish (lctalurus punctatus L.) populations, for example, show a 
high incidence of bacterial and parasitic infections during May and June, coinciding with 
periods of elevated temperature (Duarte et al., 1993 ). Similarly, Peters (197 5) reported a 
high incidence of epidermal papilloma in eels (Anguilla anguilla L.) sampled during the 
summer from the River Elbe, Germany, while Cooper and Keller (1969) described a parallel 
phenomenon in English sole (Parophys vetulus L.) inhabiting North American estuaries. In 
contrast, Jensen et al. (1983) described a 'spring ulcer disease' in Danish eel populations, 
which had a maximal prevalence in the period March - May and was absent during the 
summer months. 
With regard to marine pleuronectids, there has been particularly intensive disease 
monitoring of fish populations in the North Sea during recent years, predominantly driven by 
concern over the potential biological effects of chemical contaminants in this region (Vethaak 
and ap Rheinhallt, 1992). Dab sampled from the North Sea were observed to have maximum 
preva1ences of epidermal papilloma and lymphocystis during March to May, with minimal 
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prevalences during June to October (Wolthaus, 1984), while van Banning (1987) observed 
similar patterns in dab but, surprisingly, not in plaice (Pleuronectes platessa L.). Vethaak 
( 1993) also reported results of Dutch field monitoring studies, during which high prevalences 
of infectious and non-infectious disease (liver neoplasia) were observed during the February -
April spawning period of flounder, Platichthys jlesus (L.). In a comprehensive mesocosm 
study of diseases in flounder, Vethaak and eo-workers (reported by Vethaak, 1993) also 
observed repeatedly elevated prevalences of lymphocystis, skin ulcers and fin rot during the 
spring months over a continuous three year period. In addition to these numerous reports 
emphasising the association between the spawning period and outbreaks of diseases in marine 
pleuronectids, there is also evidence that temperature may be a significant contributory factor 
to disease outbreaks. For example, Wolthaus (1984) reported higher prevalences of 
epidermal papilloma and lymphocystis in dab sampled during 1982 (during which seawater 
temperatures had been markedly higher), as compared with 1981 (a period of cooler seawater 
temperatures). 
Clearly, the significance of seasonal factors needs to be considered in the context of 
the multifactorial aetiology of fish disease. With respect to wild fish populations, seasonal 
factors of particular relevance to disease outbreaks include both exogenous parameters (e.g. 
food supply, dissolved oxygen, temperature) and endogenous parameters (e.g. 
neuroendocrine status, nutritional condition, reproductive cycle) (Snieszko, 1974; Munro et 
al., 1983; Sindermann, 1990). There is, therefore, extensive indirect evidence of seasonal 
variations in immunocompetence of fish and aquatic invertebrates (Santarem et al., 1994; 
Robledo et al., 1995). Such immunological changes may be directly linked with exogenous 
parameters, such as environmental temperature (Biy and Clem, 1992) or with endogenous 
parameters such as neuroendocrine rhythms (Zapata et al., 1992). 
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Given that the non-specific immune system of fish constitutes their first line of defence 
against pathogens (lngram, 1980), it was decided to focus upon the seasonal variation in dab 
serum lysozyme activity as an important humoral component of non-specific immunity. 
Following development of the microtitre plate version of the lysozyme turbidimetric assay 
(section 3.2), this technique was applied to dab collected from what is generally considered to 
be a contaminant free area of Lyme Bay in the mid-English Channel. The findings are 
discussed with regard to information on the condition factor, sex and reproductive status of 
the fish sampled, together with seawater temperatures during the sampling period. 
4.3.1 Materials And Methods 
Dab were sampled from within the area 03° 30' W, 50° 20' N and 03° 25' W, 50° 
25' N (within 8 km of Berry Head, Lyme Bay), at a depth of 30 - 40 m, using a 3 m beam 
trawl. Tows were of a maximum 15 min duration, the aim being to collect a total of 10 
healthy fish (5 females and 5 males) per sample period. Immediately after trawling, fish were 
carefully placed into a flow-though seawater tank located on the trawler and the seawater 
temperature measured in the tank. Following a preliminary study in which fish were sampled 
at sea, fish were routinely returned to the laboratory within approximately I h of collection, 
placed into 75 I aquaria provided with flow-though seawater at ambient temperature, and held 
for approximately 5 h prior to necropsy. 
Fish were sacrificed and bled, and organo-somatic indices calculated as described in 
sections 2.3 and 2.5, respectively. Following preliminary investigations, lysozyme activity 
and serum total protein concentrations were routinely analysed in fresh serum using the 
microtitre plate version of Micrococcus lysodeikticus (M. luteus) turbidimetric assay (section 
3.2). 
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4.3.2 Results 
Condition factors and organo-somatic indices. In spite of the original aim of collecting I 0 
dab per month within the range IS - 20 cm total length (probable age, 2 -3 years), it was not 
possible to collect sufficient fish of this size, especially during the late spring and summer 
months. Bearing in mind the need to minimise the transport stress experienced by the fish, it 
was also not possible to obtain an equal number of female and male fish within each of the 
monthly samples. Summary data for the sex, total length, wet weight, condition (K) factor 
and organo-somatic indices of dab sampled during the study are presented in Table 4.1. 
For female and male dab sampled each month during the study, the mean total lengths 
ranged from approx. 13.7- 20.8 cm, with mean wet weights (whole body) ranging from 29 -
109 g. Mean K factors ranged from 1.07- 1.4S and from 1.00- 1.37 for female and male fish, 
respectively. Specimens of both sexes also showed a seasonal trend with lowest K values in 
February 1993 and the highest values in August 1993. The GSI data also showed a clear 
seasonal trend in both sexes, with maximum GSI values being observed during January -
March 1993 and minimum values in June- July 1993. The mean HSI data, however, showed 
a less distinct seasonal trend, although the lowest mean HSI values in females were recorded 
during the April 1993 post-spawning period, and in males during February - March 1993 
(Table 4.1). 
Effects of transport stress on lysozyme activity and total protein levels. At the 
initiation of the seasonal monitoring study, the effects of transport stress on lysozyme activity 
and total protein levels were considered in order that this factor could be taken into account 
when comparing data from the subsequent monthly samples. Therefore, fish collected from 
the same haul were placed into the holding tank on the boat and lO fish were randomly 
selected for immediate sampling of blood. The remaining lO fish were transported back to 
I IS 
the laboratory (within 60- 90 min), transferred into holding tanks at ambient temperature and 
sampled 5 h later. Serum lysozyme activity was reduced by approximately 26% (ANOV A, 
P<0.05) in dab sampled on shore in comparison to fish from the same haul which were 
sampled at sea. There was no significant change, however, in the total protein concentration 
in serum from dab sampled either at sea or on shore (Figure 4.4). 
Seasonal trends in lysozyme activity and total protein levels. Serum was collected 
from a total of I 0 fish per month, and analysed for lysozyme activity and total protein 
concentrations (Figure 4.5). As there were no statistically significant differences between 
female and male dab in terms of either parameter (ANOV A, P<0.05), the values for both 
sexes were pooled for each month of sampling and are presented with the sea temperature 
data in Figures 4.6. 
There was a marked seasonal variation in the serum lysozyme activity of dab sampled 
from Lyme Bay during November 1992 - October 1993. Based on the mean monthly 
lysozyme values for all fish (n = 10) (Figure 4.6), there was a maximum seasonal difference of 
approximate 8.5-fold between dab collected during March and September 1993. In general, 
the lowest values were observed in fish examined during February and March (sea 
temperature 8.5 - 8.9°C) and the highest values were observed during September - October 
(sea temperature 16.7- 16.9°C). Using the same approach as reported by Fletcher and White 
(1976), monthly lysozyme activity data were compared statistically using the maximal data 
collected during September 1993 as the reference month. On this basis, there were significant 
reductions in serum lysozyme activity in November 1992, and during the period January -
August 1993 (Steel's test, P<0.05) (Figure4.6). 
Mean monthly serum total protein concentrations from dab sampled during the study 
showed an approximate 1.7-fold maximum seasonal difference (Figure 4.6). The major peak 
observed during the study was in dab sampled during September 1993, with a smaller peak in 
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Time No. Total length Wet weight Condition factor GSI HSI 
fish (cm) (g) (K) 
Fish sampled at sea 
Nov92 10 18.9 ± 0.4 90±7 1.31 ± 0.04 
Fish sampled on shore 
Nov 92 10 19.4 ± 0.3 83 ±4 1.15 ± 0.03 
Females- monthly sampling 
Nov 1992 6 19.4±0.3 86± 6 1.16 ± 0.05 1.10 ± 0.15 3.12 ±0.32 
Dec 7 19.4±0.4 99± 16 1.33 ± 0.18 0.84±0.07 2.55 ±0.28 
Jan 2 18.4 ± 0.5 79± 3 1.26 ± 0.05 4.02 ±0.31 3.26±0.13 
Feb 2 20.6 ±0.5 93 ± 3 1.07 ±0.04 8.48 ±0.62 2.45 ± 0.18 
Mar 3 16.9 ± 1.0 59± 16 1.17 ± 0.11 6.39 ±0.69 3.24 ± 0.19 
Apr 4 19.0 ± 1.0 93 ± 16 1.31 ± 0.09 0.78 ±0.20 1.76 ± 0.18 
May 7 14.6 ±0.8 42± 7 1.28 ± 0.03 0.87 ± 0.41 2.25 ± 0.13 
Jun 8 15.1±0.4 47 ± 3 1.36 ± 0.06 0.45 ±0.02 2.42 ± 0.13 
Jul 7 15.4 ± 0.3 46± 4 1.26 ±0.05 0.52 ±0.07 2.93 ±0.27 
Aug 4 17.8 ±0.7 82± 9 1.45 ± 0.03 0.47 ±0.04 2.39 ±0.23 
Sep 6 20.3 ±0.4 109± 6 1.29 ±0.02 0.79 ±0.12 2.90 ±0.30 
Oct 1993 6 19.1 ±0.7 97 ± 13 1.35 ±0.04 1.00 ± 0.21 2.44±0.22 
Males- monthly sampling 
Nov 1992 
Dec 
Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jut 
Aug 
Sep 
Oct 1993 
Table 4.1 
4 19.5±0.6 80± 4 1.12 ± 0.04 0.69 ±0.07 3.09 ±0.29 
3 18.4 ± 0.7 70± 8 1.11 ± 0.04 0.92 ±0.18 3.12 ± 0.85 
8 17.8 ±0.2 64± 4 1.12 ± 0.04 1.09 ± 0.13 2.31 ±0.23 
8 20.8 ±0.6 81 ± 9 1.00 ± 0.14 0.69 ±0.03 1.88±0.12 
7 16.8 ±0.6 57± 8 1.14 ± 0.05 0.57 ±0.08 1.72±0.18 
6 14.5 ± 0.4 37± 3 1.19 ± 0.04 0.36 ±0.05 1.99±0.17 
3 13.7 ± 0.1 29 ± 1 1.13 ± 0.02 0.11 ±0.02 2.45 ±0.39 
2 15.4 ± 0.3 40± 6 1.09 ± 0.11 0.05 ±0.01 2.35 ±0.05 
3 16.1±0.7 53± 6 1.27 ±0.03 0.06±0.01 3.65 ±0.13 
6 16.6 ± 0.4 63 ± 4 1.37 ±0.05 0.15 ±0.02 3.05 ±0.20 
4 19.9±0.7 103 ± 9 1.28 ± 0.03 0.32 ±0.07 2.24 ±0.32 
4 19.0±0.7 91 + 13 1.28 +0.06 0.76 ±0.14 2.98 ±0.20 
Summary of body parameters and organo-somatic indices of dab, 
L. limanda (L.), sampled from Lyme Bay during November 1992 to 
October 1993. Values as mean± SE (n shown in table). 
K =(body weight (g)- gonad weight (g)) x 100 I total length (cm)3, 
GSI = Gonad wet weight x 100 I whole body wet weight, 
HSI = Liver wet weight x 100 I whole body wet weight, (Htun-han, 1978). 
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Figure 4.6 Seasonal trends in sea temperature and dab, L. limanda (L.), serum 
lysozyme activity and total protein concentrations. Values as mean 
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February 1993. Again, monthly total protein levels were compared statistically using the 
maximal data collected during September 1993 as the reference month. On this basis, there 
were significant reductions in serum total protein levels in all other monthly fish samples 
collected during the study (Figure 4.6). 
4.3.3 Discussion 
An investigation was undertaken with the aim of monitoring the seasonal trend in non-specific 
immunity, as serum lysozyme activity, to form a baseline for future work on contaminant 
related trends in the immune function of dab sampled from Lyme Bay. Parallel measurements 
of serum total protein concentrations were also completed in order to aid in the interpretation 
of the serum lysozyme data. 
The procedure of transporting dab to shore (within approximately l h) prior to 
necropsy was shown to cause a significant 26% reduction (ANOV A, P<0.05) in serum 
lysozyme activity. Although comparable data do not appear to be available from other marine 
fisheries investigations, several workers have reported reduced lysozyme levels in freshwater 
fish following comparable forms and duration of transport stress (Mock and Peters, 1990). It 
has been postulated that the mechanism in teleosts by which stress leads to reduced lysozyme 
activity is linked to the initial detection of stress by the hypothalamus, leading in turn to the 
release of catecholamines and corticosteroids, and resulting thereafter in general 
immunosuppressive effects (Sindermann, 1990). Despite not knowing the precise mechanistic 
significance of this stress response, it is clearly of practical significance that such stress 
induced effects be considered when embarking upon field monitoring studies of either natural 
trends or contaminant effects in fish immune function. 
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In terms of the seasonal monitoring programme, there was substantial difficulty in 
collecting an equal number of female and male dab for each month of the study. Given the 
clear need to minimise the duration of transport stress on the fish, together with the periodic 
difficulties experienced in collecting fish in rough weather, the sample sizes and their sex 
composition reflect the real practical limitations which impinge upon such field monitoring 
studies. Nevertheless, sufficient material was collected to allow the preliminary identification 
of a number of interesting seasonal trends in the dab population of Lyme Bay. 
For both female and male dab, the K factor data indicated that the fish were generally 
in best condition during late summer, with minimum K values being observed in February 
1993 (Table 4.1 ). The GSI data also indicated that the main spawning period of dab in Lyme 
Bay was during February - March 1993, while the low HSI values observed during April 
1993 were indicative of the post-spawning status of the fish sampled. Although the timing of 
the spawning in the Lyme Bay dab population during 1993 appeared to be spread over a 
somewhat shorter period than has been reported for other populations of dab, there was a 
generally good agreement with other workers in terms of the relative trends and ranges for 
the K, GSI and HSI values (Lee, 1972; Htun-han, 1978). 
Based on the small sample sizes available per month, no statistically significant 
differences were observed between female and male dab in terms of either serum lysozyme 
activity or total protein levels. While Fletcher et al. (1977) observed a significantly decreased 
serum lysozyme activity in male lumpsucker (Cyclopterus lumpus L.) during the breeding 
season, the opposite was observed female lumpsucker. Other workers, however, have also 
not observed significant differences in serum lysozyme activity between female and male fish 
(reviewed by Alexander and Ingram, 1992). On this basis, the analysis of the pooled data on 
serum lysozyme activity indicated significant differences between fish sampled over the period 
November 1992- October 1993. Minimum serum lysozyme activity was observed during the 
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February - March spawning period, and was maximal during the September - October period. 
The temporal pattern for serum total protein concentrations was less clear, especially with 
respect to the minimum monthly values, and there appeared to be a minor peak in February 
(possibly coinciding with gonadal maturation) and a second major peak in August -
September (probably reflecting the feeding status of the fish, bearing in mind the associated K 
factor and HSI). Comparing these data, it appeared that while some of the temporal changes 
in serum lysozyme activity might be reflected in total protein levels, there were marked 
variations in the relative trends of these parameters. 
Therefore, with the possible exception of the data for November 1992, there was a 
generally consistent seasonal trend in dab serum lysozyme activity during the investigation, 
with low values being associated with low sea water temperatures, time of spawning and poor 
condition factor. The patterns of the observations in dab are in general agreement with the 
seasonal trends in North Sea plaice serum lysozyme activity, although details of the spawning 
status, body condition and seawater temperature were not reported during this study 
(Fletcher and White, 1976). These observations in dab, therefore, complement the numerous 
studies reported by other workers where increased prevalences of infectious disease have 
been observed in North Sea flatfish sampled during the spring period. 
4.4 General Discussion 
Participation in the ICESIIOC Bremerhaven workshop provided a unique opportunity to 
explore the use of a basic technique for evaluating non-specific cellular immunity in marine 
fish and to compare these observations with other biological and physico-chemical parameters 
relevant to the contamination transect. Due to practical limitations, it was not possible to 
explore other assays of immune function (e.g. serum lysozyme activity) and provide a more in 
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depth insight into the immunocompetence of the dab sampled during the workshop. As it is 
known many exogenous and endogenous factors may impact on fish immunity, the restriction 
to only one technique was particularly unfortunate in that the Bremerhaven workshop 
provided a somewhat unique opportunity to have so many of these other parameters (e.g. 
biochemistry, molecular and cellular pathology) monitored simultaneously. Nevertheless, the 
exercise was successful in demonstrating the feasibility of applying the lymphoid organ imprinting 
technique in a field situation. 
With regard to the seasonal monitoring study, the observations suggested that there 
were significant seasonal trends in serum lysozyme activity in wild dab, and that these trends 
may be important in influencing the prevalences of disease observed in field monitoring 
programmes. Indeed, some research groups pointed out that the timing of the Bremerhaven 
workshop during the March spawning period of the German Bight dab populations was a 
potential problem for some biochemical indices of potential contaminant related effects 
(Addison, 1992). In seeking to obtain a better understanding of the seasonal trends in non-
specific immunity of marine fish, it would be useful, for example, to undertake further studies 
in this area, preferably over a longer period in order to see whether one year's pattern is 
followed in subsequent years. It is also desirable in future to obtain larger numbers of fish of 
either sex than were available during the current investigation. Finally, it may be useful to 
encourage the reporting of the specific months during which laboratory studies on fish and 
aquatic invertebrate immune function are conducted, in order to help build up a body of 
baseline information in this important area of wildlife immunology. 
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CHAPTERS 
EFFECT OF IN VIVO CADMIUM EXPOSURE ON THE RESPIRATORY BURST OF 
MARINE F1SH, Limanda limanda (L.), KIDNEY PHAGOCYTES 
5.1 Introduction 
Respiratory burst assays have also been employed in order to monitor the activity of phagocytes 
sampled from several estuarine and marine fish species exposed to chemical contaminants, 
including heavy metals (Elsasser et al., 1986), pentachlorophenol (Roszell and Anderson, 1993), 
contaminated sedirnents (Field, 1990) and tributyltin (Wishovsky et al., 1989). As was illustrated 
in section 3.9, the respiratory burst of dab kidney phagocytes may be measured using the 
chemiluminescence method of Scott and Klesius (1981 ). This end point is also considered to be a 
sensitive index of fish phagocyte function, relating to an early stage of the non-specific immune 
response (Anderson, 1990). 
An investigation was, therefore, undertaken to evaluate whether the dab phagocyte 
respiratory burst would respond in a dose-dependent manner to a reference environmental 
contaminant. Cadmium was selected for this purpose in view of the substantial database available 
on the effects of this heavy metal in aquatic organisms (Coornbs, 1979; Phillips, 1980; WHO, 
1992) and in mammals (Goyer, 1986). Furthennore, while there have been a substantial number 
of reports of cadmium induced immune dysfunction in many freshwater fish species, there is a 
paucity of such information for marine teleosts (reviewed by Zelik:off, 1993). All original data 
together with other records relevant to this study (reference V443/B) are filed in the ZENECA 
Brixham Environmental Laboratory archive. 
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5.2 Materials And Methods 
Preliminary acute toxicity study. For range fmding purposes, prior to the long-term toxicity 
experiments, the acute toxicity of cadmium to dab was evaluated under flow-through conditions 
(full details below). Briefly, healthy dab (approximate standard length, 120 - 180 mm) were 
collected from the English Channel (Lyme Bay) and, on arrival at the laboratory, were held for 
seven days to acclimatise to 15 ± l°C. Dab were then exposed to cadmium chloride in seawater 
(approximately 34 %o salinity) for 96 h at 15 ± l°C, without feeding. The 96 h median lethal 
concentration (LC50) was observed to be approximately 35 rng Cd 1·1 based upon mean measured 
total cadmium ion concentrations under these experimental conditions (Hutchinson and Eales, 
1991). 
Subsequently, fish were exposed under the same experimental conditions to cadmium at 
nominal concentrations of 1.8, 3.5 and 7.0 mg Cd 1·' (as total cadmium ion) for up to nine weeks, 
followed by a three week depuration phase in clean seawater. Gross toxic effects (viz. survival, 
growth and behaviour), organo-somatic indices and kidney phagocyte respiratory burst function 
were assessed during the subchronic study. In addition, the concentrations of cadmium in the fish 
muscle tissues were also analysed alongside the measurement of cellular immune function, in order 
to provide a link to other related studies on fish health. 
Exposure Conditions. Glass tanks with a working volume of 75 I (700 mm x 320 mm x 
380 mm; L x W x H) and a volume replacement time of approximately 4 h were used for all the 
investigations. The sides of the tanks were covered externally in black plastic and the lids were 
partially covered during the study. The laboratory photoperiod was 16 h light and 8 h darkness 
(including 10 min dawn-dusk sequences). For the flow-though dosing system, natural seawater 
was drawn from Tor Bay, Devon, filtered to I 0 flm and then delivered to a temperature controlled 
header tank in the experimental laboratory set to 15 ± I °C. 
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For the exposure treatments, analytical grade anhydrous cadmium chloride, 2CdCb.5H20, 
(Sigrna Chemical Co., Poole, U.K.) was dissolved in deionised water in order to prepare the stock 
solutions at the appropriate concentration. The stock solutions were delivered to glass mixing 
cells via a Watson Marlow model 302 peristaltic pump fitted with PVC tubing and were stirred 
mechanically to ensure complete mixing of the test material with the dilution water prior to 
delivery to the exposure tanks. 
Water Quality Monitoring and Cadmium Analyses. Flow rates (dilution water and stock 
solution) and exposure solution parameters (dissolved oxygen, pH and temperature) were 
measured weekly, whilst the dilution water salinity was measured daily. Stock and exposure 
solutions were sampled twice per week during the study and the total cadmium ion concentration 
analysed using Inductively Coupled Plasma/Atomic Absorption Spectrophotometry (ICP/AAS). 
A limited number of analyses of the soluble metal fraction (after filtration to 0.45 J.Ltn) was also 
undertaken, however, there were no significant differences between the total and soluble cadmium 
values. Muscle samples were dried and then oxidised with re-distilled nitric acid before direct 
analysis oftotal cadmium concentrations using ICP/AAS. 
Test Animals. Healthy dab (approximate standard length, 120- 180 mm) were collected 
from the English Channel (Lyme Bay) and, on arrival at the laboratory, were held for seven days to 
acclimatise to 15 ± I°C. For the experiments, conducted from 28 August to 20 November 1991, 
12 fish were allocated randomly to each tank and were fed on trout pellets (BP Nutrition, UK) at a 
rate of 1.0% of body weight per day (based on the initial wet weight). Fish were sacrificed as 
described in section 2.3, a kidney cell suspension prepared according to the method described in 
section 2.9, and the chemiluminescence assay was conducted according to section 3.9.2 (with 
zymosan opsonised by frozen, pooled dab serum). 
The results were expressed in terms of the total chemiluminescence (the curve area) and 
the maximum chemiluminescence value recorded (the peak height). For all treatment groups 
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sampled after six and nine weeks, results were based on three fish per treatment, with three 
replicates per fish. Due to concentration related mortalities, however, the results generated after 
12 weeks were based on three fish per treatment (control and 1.3 mg Cd r1), two fish per 
treatment (2.7 rng Cd r1) or one fish (5.5 mg Cd r\ all with three replicates per fiSh. Where the 
assumptions of normality and homogeneity of variance were satisfied, the data were analysed using 
two-way analysis of variance (ANOV A), otherwise the results were analysed using appropriate 
non-parametric statistical techniques (Steel, 1959; Sokal and Rohlf, 1981). 
5.3 Results 
Water Quality Analyses. The exposure solution parameter ranges over the 12 week period were: 
dissolved oxygen 4.2 to 7.8 mg r1; pH range 7.67 to 8.08; salinity range 34.69 to 35.36 %o; and 
temperature range 14.6 to 15.3°C. The mean measured concentrations of total cadmium ion 
ranged from 72.3 to 78.0% of the nominal concentrations in the exposure solutions, giving mean 
measured cadmium concentrations (nominal values in parentheses) of l.3 (1.8), 2.7 (3.5) and 5.5 
(7 .0) mg Cd r1• The mean measured concentrations of soluble cadmium ion were typically within 
5% of the total cadmium ion values. All subsequent test solution data refer to the total mean 
measured cadmium ion concentration. 
Tissue Analyses. The results of the analyses for cadmium in dab muscle samples were 
expressed in terms of both muscle dry and wet weights, and are summarised in Table 5.1. 
Observations of Feeding. Disease and Mortalities. Although a poor feeding response was 
observed in the 5.5 rng Cd r1 treatment during weeks seven to nine, there were no other external 
signs of stress or disease in any fish during the experiment. A small number of dose-related 
mortalities occurred, however, in the 2.7 rng Cd r1 (8% mortality) and 5.5 rng Cd r1 (17% 
mortality) during the exposure phase of the study. No mortalities occurred in the control or 1.3 
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mg Cd r1 treatment, and there were no mortalities during the depuration phase of the experiment. 
The overall range in terms of the wet weight and standard length of dab used in the study were 
approximately 34 - 110 g and 124 - 178 mm, respectively. No dose-related growth effects were 
observed. 
Organo-Somatic Indices. For all sampling times, the mean HSI values ranged from 
approximately 2.41 to 3.41 and the mean SSI values ranged from 0.05 to 0.29 (Table 5.2). A 
significant decrease (ANOV A, P<0.05) was observed between the control and 1.3 mg Cd r1 
treatment HSI value after six weeks exposure. In addition, a significant increase (ANOV A, 
P<0.05) was observed between the control and 5.5 mg Cd r1 treatment SSI value at 12 weeks 
only. No other significant dose-related effects were observed between these parameters. 
Kidney Phagocyte Chemiluminescence. The chemiluminescence assay (using dab serum as 
an opsonin) was applied to fish sampled after six and nine weeks exposure to cadmium, and again 
at the end of the three week depuration period. After six weeks exposure, the total 
chemiluminescence values as a percentage of the control mean were between 38% for ftsh exposed 
to 1.3 mg Cd r1 and 11% for dab exposed to 2. 7 mg Cd r1• A similar trend was also observed 
with respect to the peak chemiluminescence values (Figure 5.1). These trends were significant in 
terms of both the total and peak chemiluminescence values for phagocytes collected from dab 
exposed to 2. 7 and 5.5 mg Cd r1, as compared with the control fish (Steel's test, P<0.05). 
After nine weeks exposure, the total chemiluminescence values as a percentage of the 
control mean were between 9% for fish exposed to 1.3 mg Cd r1 and 3% for dab exposed to 5.5 
mg Cd r1• A parallel trend was also observed with respect to the peak chemiluminescence values 
(Figure 5.2). These reductions were significant in terms of both the total and peak 
chemiluminescence values for phagocytes collected from dab exposed to all cadmium treatments 
compared with the control fish (Steel's test, P<0.05). 
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In fish sampled at the end of the three week depuration period (12 weeks in total), there 
remained a marked reduction in total and peak chemiluminescence values as a percentage of the 
control mean for fish exposed to 1.3 and 2.7 mg Cd 1'1 (Figure 5.3). However, there was an 
approximate 7-fold increase in total chemiluminescence and 10-fold increase in the peak 
chemiluminescence value for the single fish surviving in the 5.5 mg Cd 1'1 treatment. The 
reductions in both total and peak chemiluminescence were significant for the 1.3 and 2.7 mg Cd 1' 1 
treatments (Wilcoxon's test, P<0.05). In contrast, however, the total and peak chemiluminescence 
values in the single fJSh remaining after previously being exposed to 5.5 mg Cd 1'1 were not 
statistically significant. 
A marked variation was observed in the chemiluminescence resporJSe of control dab 
kidney phagocytes on the three sampling occasiorJS included in the study. For example, compared 
to the control total chemiluminescence value at six weeks (mean = 1.35 x 106 cpm), the same 
parameter had fallen by approximately 30% (mean = 0.95 x 106 cpm) after nine weeks and 80% 
(mean = 0.24 x 106 cpm) after 12 weeks. A similar trend was observed in terms of the peak 
chemiluminescence values for each sampling time. In addition, there was considerable within 
treatment variation in the chemiluminescence response (typically based on three fish with three 
replicates each, with the exception of the final sampling of the two highest cadmium treatment 
groups). For example, whilst replicates from the same fish were similar (coefficients of variation 
typically less than I 0% ), there was a marked variation between individual fish sampled 
simultaneously from the same treatments (CVs ranging from 6% to 92 %). However, there was 
no evidence for a dose-related increase in the within-treatment variability of the chemiluminescence 
resporJSe during the study. 
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Exposure 
time (weeks) 
6 
9 
12* 
Table 5.1 
Muscle 
(jlg Cd g"1) 
Drywt 
Wet wt 
Drywt 
Wet wt 
Drywt 
Wetwt 
Control 
<0.22 
<0.05 
<0.20 
<0.04 
<0.12 
<0.03 
Mean measured cadmium concentration 
(mg total Cd ]"1) 
L3 
0.27 
0.06 
0.38 
0.08 
0.37 
0.08 
2.7 
0.58 
0.13 
0.51 
o_ 11 
1.56 
0.34 
Concentration of cadmium in muscle of dab, L limanda (L. ). 
5.5 
0.74 
0.16 
2.51 
0.55 
1.64 
0.36 
* AD animals transferred to clean seawater after nine weeks, giving a three 
week depuration period. 
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Table 5.2 Effect of cadmium exposure on organo-somatic indices in dab, L limanda 
(L.). HSI - Hepato-somatic index; SSI - Spleno-somatic index. 
Mean values shown with SE in parentheses (n = 3 to 9; see text for full 
details). *Significant from control values (ANOVA, P<0.05). 
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5.4 Discussion 
Measuring the respiratory burst of phagocytic cells is one approach used to assess non-specific 
cellular immune function in marine vertebrate and invertebrate species. The current data indicated 
that, under the conditions described, in vivo exposure of dab to cadmium resulted in a significant 
impairment of the respiratory burst by the kidney phagocytes. This immunotoxic effect was 
observed to occur at cadmium concentrations as low as 5% of the 96 h LC50 value and the degree 
of chemiluminescence inhibition (as both total and peak chemiluminescence) increased with 
exposure time. 
Following a three week depuration period, there was no recovery in the phagocyte 
chemiluminescence response in the 1.3 and 2.7 mg Cd r1 treatments, although the one fish 
surviving after previous exposure to 5.5 mg Cd r1 had a markedly increased response (as both total 
and peak chemiluminescence). The reason(s) for this single observation were not clear since the 
body burden of cadmium calculated for this individual fish was higher than that measured in the 
fish sampled at week 12, after their previous exposure to the lower cadmium concentrations (Table 
5 .I), which continued to show a significantly reduced chemiluminescence response. One possible 
explanation for this observation (albeit in only one surviving fish) may be that although the body 
burden of total cadmium was remained high, the cadmium was effectively bound to 
rnetallothionein so as to prevent the induction of toxic effects (Goyer, 1986). 
On a broader note, a key aim of this study was to evaluate the immunotoxicity of cadmium 
in dab and to compare these data with a variety of other toxicological endpoints and exposure 
times. Dose-related mortalities were observed after nine weeks at nominal cadmium 
concentrations above 10% of the 96 h LC50 value of 35 mg Cd r1 (Hutchinson and Eales, 1991 ). 
In addition, the feeding response of fiSh exposed to 5.5 mg Cd r1 treatment was reduced during 
weeks seven to nine. No symptoms of toxicity were observed in any other treatment. 
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Organo-somatic indices are frequently used for a preliminary assessment of the health 
status of animals exposed to toxicants. In this study, HSI and SSI values were evaluated since, 
for example, in vertebrate toxicology high HSI values are often associated with the induction or 
stimulation of the hepatic microsomal cytochrome P-450 system or metallothionein synthesis in 
order to detoxify organic compounds or heavy metals, respectively (Piaa, 1986). Furthermore, a 
proportional reduction in spleen size may indicate lymphoid tissue depletion (Dean et al., 1986). 
However, whilst statistically significant differences in the HSI and SSI values between exposure 
group and control ftsh were observed, these parameters were not dose-related (Table 5.2). 
Other workers, however, have reported changes in organo-somatic indices in ftsh exposed 
to cadmium or other environmental contaminants. For example, Larsson et al. (1976) reported a 
significant decrease in liver size in flounder exposed to between 0.1 to I 0 mg Cd 1"1 for 15 days 
using dilution water with a salinity of approximately 7 %o. In addition, Larsson et al. (1980) 
observed significant reductions in the SSI in flounder exposed to titanium dioxide industrial 
effluent, while Pulsford et al. (1995) detected significantly reduced SSI values in gobies 
(Zosterisessor ophiocephalus L.) collected from polluted areas of the Venice Lagoon. In contrast, 
Secombes et al. (1991) did not observe any significant differences or dose-responses in the SSI 
values for dab exposed to sewage sludge. 
The exact mechanism of cadmium-induced irnmunotoxicity in ftsh is not yet established 
from the data available. However, it is known that in other vertebrates, cadmium is concentrated 
in the kidney and may act as a potent nephrotoxin (Goyer, 1986). It is, therefore, probable that 
toxic levels of cadmium may have accumulated in the kidney tissue of ftsh, primarily damaging the 
renal tissue but in turn having an impact upon the adjacent lymphoid tissue as indicated by the 
observed immunosuppressive effects. One possible outcome of this may be the decreased 
respiratory burst capacity of the kidney phagocytes according to the severity of the toxic insult, as 
suggested by the data presented herein. 
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The reason(s) for the variable chemiluminescence response in control ftsh phagocytes with 
time were not irrunediately obvious, since the same protocol was followed throughout the study. 
However, it is possible that the storage conditions (-26°C) for the aliquots of pooled dab serum 
used to opsonise the zymosan were sub-optimal, contributing to the observed variability in the 
control fish chemiluminescence response. If so, this suggested that there may be problems related 
to the use of wild ftsh sera in such immunological tests and highlighted the desirability of other 
potentiaUy useful opsonins. Alternatively, there may have been some variability in the zymosan 
used herein (although the same source was used for aU experiments), which may in turn have 
contributed to the variability in the phagocytic response observed. 
For comparative purposes, there are a large number of data on tissue levels of cadmium in 
a variety of aquatic species (faylor, 1983). In particular, due to concern over the potentially 
significant human exposure via sea foods, ftsh tissues are analysed routinely as part of the North 
Sea environmental monitoring programmes (Stagg, 1991). NorrnaUy, this is done on the basis of 
whole body or muscle analyses only. However, cadmium levels in several tissues from a variety of 
ftsh species sampled from the north east coast of England were reported by Wright (1976). In the 
dab analysed by Wright (1976), cadmium concentrations were highest in the liver (1.38 Jlg Cd g·1 
wet weight) and lowest in the gonad (0.09 Jlg Cd g·1 wet weight), while dab kidney and muscle 
samples contained mean values of0.21 and 0.18 Jlg Cd g·1 wet weight, respectively. The currently 
reported dab muscle cadmium concentrations (ranging from 0.06 - 0.55 Jlg Cd g·1 wet weight; 
Table 5.1) were, therefore, comparable with those reported in samples of dab collected from the 
North Sea by Wright (1976). If the relationship between the kidney and muscle cadmium 
concentrations observed by Wright (1976) was representative of the pattern of cadmium 
distribution in the tissues of dab from the current experiment, then the kidney cadmium 
concentrations would probably have been greater than those shown for muscle in Table 5.1. Such 
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data may prove to be of future use for understanding the potential role of tissue-specific 
concentrations of heavy metals in relation to fiSh immune function and disease status. 
A variety of investigations of the impact of cadmium on the immune function of several 
estuarine and marine organisms have been published (Table 5.3). With the exception of the 
observation by l..emaire-Gony et al. ( 1995) of significant immune dysfunction in sea bass exposed 
in vivo to 40 Jlg Cd per litre, the published data generally suggest that exposure to cadmium in the 
milligram per litre range may significantly impair both cellular and humoral immune function in 
estuarine and marine organisms. In several cases, however, it is not possible to observe a clear 
dose-relationship for a given immunological parameter (Larson et al., 1989), while in other cases, 
there are marked inter-species differences in the immune responses monitored (Robohm, 1986). 
Overall, therefore, the cadmium concentrations currently shown to impair immune function in dab 
appear to be comparable with other published cadmium imrnunotoxicity data on estuarine and 
marine organisms. Further information on the immunotoxicity of cadmium and other metals to 
freshwater fish species is reviewed by Zelikoff ( 1993). 
The effects of cadmium on the immune system of mammals have been comparatively well 
studied and findings are extensively summarised by Descotes (1988) and Descotes et al. (1990). 
A wide range of endpoints has been studied, including histopathology (lymphoid organ weights, 
circulating leucocyte counts), humoral immunity (serum immunoglobulin levels, B-lymphocyte 
function) and cellular immunity (T-Iymphocyte proliferation, macrophage migration inhibition). 
Specifically, Levy et al. ( 1986) demonstrated impaired mouse macrophage migration following 
cadmium exposure in vitro. It is not possible, however, to relate directly the cadmium doses used 
for in vivo and in vitro mammalian studies to induce immunotoxic effects in view of the differences 
in the routes of exposure used and consequential bioavailability. 
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Species 
Cellular immune function in fish:-
Exposure 
duration 
Concentration Immunological effects 
(mg total Cd r1) 
Dicentrachus labrax 15 days 0.041nvivo Reduced phagocytosis by kidney 
('Sea bass') phagocytes. 
Fwululus heteroclitus 50 In vivo Modified circulating leucocyte counts and 
('Mummichog') decrease in pronephric granulocytes. 
Limanda limanda 6- 9 wks 1.3, 2.7, 5.51nvivo Dose-related decrease in 
('Dab') chemiluminescence by kidney phagocytes. 
M orone saxatilis 8 wks 10 In vivo Increased migration of peritoneal exudate 
('Striped bass') cells. 
Pseudopleuronectes americanus 10 In viau Reduced macrophage intracellular 
('Winter flounder') bactericidal activity. 
Reference 
I..emaire-Gony et 
al. (1995) 
Gardner& 
Yevich ( 1970) 
This study 
Robohrn ( 1986) 
Daniels (1988) 
Tautogolabrus adspersus 96 hrs 12 In vivo Inlubition of bacterial endocytosis by liver Robohrn & 
__ j~~~~}-------------------------------------------~~~~~~~~~-----------------~~~~s~Jl~7~l __ 
Humoral immune function in fish:-
M orone saxatilis 8 wks 10 In vivo Increased bactericidal serum antibody Robohrn ( 1986) 
('Striped bass') titres. 
Tautogolabrus adspersus 8 wks 10 In vivo Decreased bactericidal serum antibody Robohrn (1986) 
__ J~~u~~}-------------------------------------------~tr~~------------------------------------
CelluJar immune function in invertebrates:-
Carcinus maenas 0.51n vivo No effect on haemocyte numbers. Truscott & White 
('Shore crab') (1990) 
Crassostrea virginia 320 In viau Reduced haemocyte mediated Larson et al. 
('Eastern oyster') chemiluminescence. (1989) 
Crassostrea virginia 160 lnvittu Increased in haemocyte mediated Larson et al. 
('Eastern oyster') chemiluminescence. (1989) 
Crassostrea virginia 14 days 25 In vivo No effect on haemocyte mediated Anderson et al. 
('Eastern oyster') chemiluminescence. (1992) 
Table5.3 Summary of published literature on the effects of cadmium exposure on immune function in estuarine and marine organisms. 
In conclusion, the current work indicated that the chemiluminescence assay could be 
applied to measure the dose-related impact of subchronic chemical exposure on a key function of 
marine fish phagocytes. Significant inhibition of the respiratory burst was observed, after nine 
weeks, at cadmium concentrations as low as 5% of the acute LC50 value for dab tested under 
similar exposure conditions. Such data are of particular value in understanding the relationship 
between fish acute lethality data and longer term sublethal data, for example with respect to the 
hazard evaluation of chemical substances to fish and other aquatic organisms (ECETOC, 1993). 
Further studies are planned to investigate the functional integrity of the different phagocytic cells in 
dab exposed to organic toxicants, and also to develop further assays of cellular immune function 
that may be applicable to larger numbers of fish. 
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CHAPTER6 
EVALUATION OF IMMUNE FUNCTION IN TURBOT, Scophthalmus maximus (L.), 
EXPOSED TO SEDIMENTS CONTAMINATED WITH PCBs 
6.1 Introduction 
Since the first commercial manufacture of polychlorinated biphenyls (PCBs) in the 1930's, the 
total world production of PCBs is estimated to be in the order of 1.2 x 106 tonnes. Of this 
quantity, it is calculated that approximately 31% (370 x 103 tonnes) is distributed in the global 
environment (Tanabe, 1988; WHO, 1993). Furthermore, while PCBs are now ubiquitous in 
the global environment, marine ecosystems represent the ultimate sink for these compounds. 
Indeed the North East Atlantic Ocean is considered to represent the single greatest reservoir 
of PCBs (Larsson, 1985). 
PCBs are produced synthetically by chlorinating biphenyl with anhydrous chlorine in 
the presence of iron as a catalyst. The crude product is distilled with alkali to remove colour, 
traces of HCI and the catalyst, resulting in a mixture of chlorobiphenyls with a varying 
number of chlorine atom to each biphenyl molecule. For illustration, Aroclor® (the trade 
name of PCBs produced by Monsanto) are characterised by a four-digit number, examples of 
which are presented in Table 6.1. 
In sea water, PCBs adsorb onto particulates and sediments, the degree of adsorption 
being proportional to the extent of chlorination (see WHO, 1993 for further details of PCB 
nomenclature). While adsorption can immobilise PCBs for relatively long periods in the 
marine environment, desorption into the water column is known to occur via both abiotic and 
biotic processes. The significant quantities of PCBs in marine sediments can, therefore, act as 
an important reservoir of PCBs, acting as a source of exposure for the marine benthos 
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(WHO, 1993). This characteristic, together with the historical concentration of industrial and 
urban development along many coastal zones, has led to the presence of high levels of PCBs 
in coastal zone sediments. Fowler ( 1990) reviewed :E PCB concentrations in the region of 0.6 
to 11 f.lg kg· 1 dry wt for open ocean surface sediments, while for coastal areas such as the 
North Sea and Baltic Sea, for example, sediment :E PCBs ranged from 8.4 to 212 f.lg kg·1 dry 
wt. The presence of high concentrations of PCBs in marine sediments, therefore, clearly 
poses a potential hazard to the health of benthic organisms since, owing to their high 
lipophilicity, sediment-bound PCBs are known to readily bioaccumulate in the tissues of 
invertebrates and fish which live in close proximity to contaminated sediment (Nimmo et al., 
1971; Courtney and Langston, 1978, 1980; Niimi, 1994). 
There is particular concern regarding observations of increased disease prevalence in 
benthic fish sampled from various coastal areas containing sediments which are contaminated 
with PCBs, often together with aromatic hydrocarbons and other organic substances (Malins 
et al., 1984; Vethaak and ap Rheinallt, 1992; North Sea Task Force, 1993). Other field 
studies, however, suggest no correlation between PCB exposure and the susceptibility of fish 
to disease (Gran by et al., 1991 ). Furthermore, several field studies have reported evidence of 
disrupted immune function in fish sampled from inshore areas known to be contaminated with 
PCBs and other xenobiotics (Weeks and Warriner, 1984; Warriner et al., 1988; Weeks et al., 
1990; Arkoosh et al., 1991 ). Given the many confounding factors implicit in field monitoring 
studies, it is important that controlled laboratory exposure studies be conducted, using 
environmentally relevant exposure routes, in order to provide an improved understanding of 
the potential impact of PCBs on immune function in fish. 
While experimental data indicate that exposure to PCBs may alter immune function in 
mammals (Descotes, 1988; Lee, 1992; Safe, 1994), there is a paucity of such information 
relating to PCB-induced immune dysfunction in fish. Zeeman and Brindley ( 1982) reviewed 
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the available laboratory data on the immunotoxicity of PCBs in freshwater and marine fish, 
noting evidence for PCB effects on both cellular and humoral immune function. More 
recently, Cleland et al. (1988) investigated humoral immunity in rainbow trout fed for 12 
month on diets containing the commercial PCB mixture Aroclor® 1254, reporting no evidence 
of significant immune dysfunction due to PCB exposure. In contrast, Thuvander and 
Carlstein (1991) and Thuvander et al. (1993) observed significant effects on cellular and 
humoral immune function in rainbow trout either injected with, or fed, the PCB mixture 
Clophen® A50. Arkoosh and eo-workers (1994) have also observed impaired B-cell 
immunity in chinook salmon injected with Aroclor® 1254. 
With respect to studies using specific PCB congeners, Rice and Schlenk ( 1995) 
recently reported a reduction in non-specific cytotoxic cell function and reduced oxidative 
burst by head kidney phagocytes, together with evidence of impaired humoral immune 
function in channel catfish given i.p. injections of the congener PCB 126. Similarly, Smith 
and Johnston (1992) demonstrated immunotoxicity in the marine crustacean, Crangon 
crangon (L.), following exposure to PCB 15, but not after exposure to PCB 77. 
Experimental studies on mammals have also provided evidence of congener-specific 
immunotoxic effects (Ganey et al., 1993). These observations, therefore, illustrate the need 
to consider both the chemical and biological factors which are relevant to the goal of 
adequately understanding the potential impact of PCBs on immune function in aquatic 
organisms. 
Although marine sediments are widely recognised as an important environmental sink 
for PCBs, there is a scarcity of information on the impact of PCB contaminated sediments on 
the immune function of benthic fish and other marine organisms which live in intimate contact 
with contaminated sediments. It was, therefore, decided to undertake a laboratory study to 
investigate both cellular and humoral immune function in turbot. 
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Briefly, juvenile turbot were exposed for a total of 20 weeks to either clean reference 
sediment or to the same sediment spiked with commercial PCB mixtures. In addition to 
observing the survival, growth and disease status of the test animals, a range of 
morphological and functional immune parameters were also monitored. These included 
peripheral blood differential leucocyte counts, serum total protein concentrations and 
lysozyme activity and the production of serum antibody following primary and secondary 
challenge with the thymus-dependent (T-D) antigen, Keyhole Limpet Haemocyanin (KLH). 
In addition, a suite of microtitre plate assays was deployed to assess the respiratory burst 
capacity of kidney leucocytes. The kidney was chosen for investigation since it has an 
essential haemopoietic function and is also known to be capable of metabolising a variety of 
xenobiotic and endogenous organic compounds (Pesonen et al., 1985; Andersson, 1992; and, 
Pangrekar and Sikka, 1992). To better understand the possible environmental significance of 
any treatment related effects, the immunological methods were also integrated with physico-
chemical analyses of the sediments, sea water supply and diet. 
6.2 Materials And Methods 
6.2.1 Sediment Spiking Procedures and Physico-Chemical Analyses 
Marine sediment was collected from Maplin Sands, Essex, UK (Ordnance Survey 
sheet number 178, grid reference TR 010 880), an area considered to be free from 
contamination by organic compounds or heavy metals (Thain, unpublished data). On 
collection, the sediment was randomly subdivided to provide clean reference material for the 
control tanks, while the remaining material was used for the artificial contamination 
('spiking') with PCBs. Sub-samples of the fresh sediment were also dried and analysed for 
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the particle size range, the major components being as follows (particle size range in 
parentheses): 24% medium sand (0.25 - 0.5 mm); 37% fine sand (0.125 - 0.25 mm); 13% 
very fine sand (0.0625 - 0.125 mm); and 11% silt or clay (<0.0625 mm). In addition, the 
organic carbon content (determined by loss on ignition) of the sediment was calculated to be 
approximately 1.79 % (w/w). 
The commercial PCB formulations, Aroclor® 1242, 1254 and 1260, used during the 
experiments were kindly donated by Monsanto Limited. The spiking procedure involved first 
dissolving a 1: 1:1 mixture of Aroclor® 1242, 1254 and 1260 in acetone, followed by the 
addition of the PCB solution to the sediment subsample and mixing for a period of 
approximately 30 min. The concentrations of specific PCB congeners in the spiked sediments 
were analysed at the beginning and end of the 18 week exposures, and at approximately 4 
week intervals within this period. For comparison, the reference sediments were analysed at 
the beginning and end of the exposure period. For the purpose of chemical analysis, 
approximately 50 g samples were randomly collected from each tank, placed in clean glass 
jars and stored at -I8°C until required for chemical analysis. Sediment samples were then air 
dried to constant weight (24 - 48 h), ground in an agate mortar and pestle and passed through 
a 2 mm sieve. A 10 g subsample was then mixed with anhydrous sodium sulphate and 
extracted in a Soxhlet apparatus with 50:50 n-hexane:acetone for 6 h, after the addition of 
approximately 30 g of copper to assist sulphur removal. 50 rn1 aliquots of the sample extract 
were subjected to absorption chromatography (Allchin et al., 1989) and PCB residues 
determined by GC-ECD using a 50 m x 0.2 mm i.d. capillary column coated with 0.33 Jlm 5% 
phenyl methyl siloxane. Each batch of samples was run with a certified reference sediment for 
quality assurance. In accordance with the recommendations of ICES, PCB concentrations 
were expressed as the sum of congeners PCB 28, 52, 101, 118, 138, 153 and 180 (:E ICES 7 
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CB congeners) and as the sum of 2S congeners ranging from PCBs 18 to 194 (Ailchin et al., 
1989). 
6.2.2 Laboratory Exposure System and Sea Water Quality Monitoring 
The exposure tanks and tubing system were made of glass, together with a minimum quantity 
of silicone rubber tubing where necessary. Tanks (700 mm x 320 mm x 380 mm; L x W x H) 
with a working volume of 7S I were used for the study. A total of IS I of either the reference 
or PCB-spiked sediment was placed into each tank, giving an approximate sediment depth of 
8 cm. The tanks were then supplied with approximately 3 volume replacements per day of 
natural sea water, drawn from a submerged intake in Tor Bay, Devon, filtered to 10 11m and 
controlled to IS ± I oc prior to reaching the tanks. The sides of the tanks were covered in 
black plastic and glass lids were provided. The laboratory photoperiod was 16 h light: 8 h 
darkness, with dawn-dusk sequences at 06:00 and 22:00 h. Gentle aeration was also provided 
in order to maintain water quality, while minimising disturbance of the sediment. Dissolved 
oxygen levels and pH were measured once per week, while salinity and temperature were 
monitored daily. The observed ranges in these parameters were: dissolved oxygen 4.6 to 7.8 
mg 1'1; pH 7.81 to 8.12; salinity 34.40 to 3S.30 %o; and temperature 14.7 to IS.S0 C. 
6.2.3 Test Organisms and Feeding Regime 
Juvenile turbot, S. maximus (L.), were obtained from the aquaculture facilities of Golden Sea 
Produce Limited, West Kilbride, Scotland. On arrival from the supplier on 28th October 
1993, the fish were held for 7 days in quarantine tanks for acclimation to test temperature, 
and all fish were observed to be healthy at the start of the investigations. To start the 
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sediment exposures, groups of 5 randomly selected fish were sequentially allocated into each 
of 6 tanks, until each tank held a total of 25 fish. This provided an experimental design 
incorporating either reference sediment (non-immunised fish in one tank; immunised fish in 
duplicate tanks) or PCB-spiked sediment (non-immunised fish in one tank; immunised fish in 
duplicate tanks). 
Turbot were fed on 'catfish pellets' (J.M.C. Aquatics, Sheffield, UK) throughout the 
study at a rate of 2% (w/w) per day (10 randomly selected fish per tank were weighed every 
2 weeks for this purpose). A subsample of the diet was subsequently analysed for pesticides 
and :E PCBs, for which purpose subsamples of food were extracted into hexane, purified 
using a Unitrex® alumina clean up process, and then analysed by absorption chromatography 
and GC-ECD (undertaken by Special Diet Services, Witham, Essex, UK). 
6.2.4 Fish Immunisation Procedures 
The immunisation protocol followed lines similar to those used by Mughal et al. (1986) in 
their studies on the ontogeny of immunocompetence in carp, Cyprinus carpio. A classical 
thymus-dependent (T-D) antigen, KLH, was selected because Mughal and eo-workers found 
that in fish immunocompetence to T-D antigens develops later than to thymus independent 
(T-1) antigens. Doses, timings and the use of FCA followed the recommendations by 
Manning and Field (1994) in their baseline studies on the antibody responses of juvenile 
turbot. 
After an initial 2 week sediment exposure period, during which there were no 
mortalities, all fish were carefully netted from the tanks, weighed (mean wet weight - 3.4 g) 
and measured (mean total length - 60 mm). For the primary immunisation of the fish, the 
thymus-dependent (T-D) antigen, Keyhole Limpet Haemocyanin (KLH) (Sigma H-2133) was 
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prepared as a 5.0 mg ml" 1 solution in 0.1 M NaHC03, mixed thoroughly and stored at 4°C 
until required. Fish for immunisation were given an i.p. injection of the KLH solution at a 
rate of 34 J.LI per fish (equivalent to a dose of 10 J.LI g·1 wet weight). Fish from the non-
immunised treatments were given a corresponding control injection of 0.1 M NaHC03 • After 
injection, all fish were returned to their original tank and were observed to be healthy and 
promptly feeding well. Unless specified otherwise, all reagents were purchased from Sigma 
Chemical Company, UK. 
Eight weeks after the primary KLH immunisation (total exposure period of I 0 
weeks), 10 fish were sampled randomly from each tank for evaluation of non-specific and 
specific immune function (see below for details). The remaining fish were then carefully 
weighed (mean wet weight 11.9 g) and measured (mean total length - 85 mm). For the 
secondary immunisation, KLH was prepared as a 20 mg mr1 solution in 0.1 M NaHC03• 
This solution was then diluted by 50% in Freund's Complete Adjuvant (FCA) (Sigma F-
5881) to give a working solution of 10 mg KLH mr1• Fish for secondary immunisation were 
then given an i.p. injection of the KLH working solution at a rate of 30 J.Ll per fish (equivalent 
to a dose of 2.5 J.Ll g· 1 wet weight). Fish from the non-immunised treatments were given a 
corresponding injection of 50% (v/v) of FCA in 0.1 M NaHC03, taking care to ensure that 
none of solution leaked from the peritoneal cavity. After injection, all fish were returned to 
their original tanks and were observed to be healthy and feeding well. After a further 8 
weeks, all remaining fish were sampled in random order from each tank for evaluation of non-
specific and specific immune function (see below for details). A summary of the integrated 
exposure and immunisation protocols is given in Figure 6.1. 
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6.2.5 Differential Leucocyte Counts 
At the I 0 and 18 week sampling times, randomly selected fish were sacrificed according to 
the method described in section 2.3, and peripheral blood smears prepared and examined 
according to section 2.6. 
6.2.6 Assays for Specific Immune Function 
Following the collection of the blood sample described above, the remaining peripheral blood 
was collected into a non-heparinised microcentrifuge tube. After bleeding was complete, the 
liver and spleen were removed and fixed in 10% phosphate buffered formalin for subsequent 
histological analysis (in preparation) and the kidney was removed for use in the respiratory 
assays. The blood sample was used to collect fresh serum (details in section 2.8) for the 
analysis of lysozyme activity, total protein levels and anti-KLH antibody titres. 
Turbot serum antibody responses were measured by ELISA. As labelled antisera 
against turbot immunoglobulin (Ig) was not commercially available, it was necessary to first 
collect Ig from whole serum of larger turbot (approximately 100 g) by filtration on Ultrogel® 
AcA22, followed by SDS-PAGE electrophoresis. The purified turbot Ig was then injected 
sub-cutaneously into CBRI (Chester Beatty Research Institute) male rats at a rate of 50 Jlg 
per injection at two separate sites. Three injections were given at monthly intervals, the first 
in FCA, and the remaining two in Freund's Incomplete Adjuvant (FIA) (Burgess, 1992). 
In preparation for the ELISA assays, a stock solution was first prepared of 1.0 mg 
KLH ml- 1 in coating buffer, and left at 4°C overnight to ensure complete dissolving. In 
addition, the following solutions were prepared: (I) Phosphate Buffered Saline fPBS), pH 7.6 
- 85 g NaCI, 12.8 g Na2HP04 plus 1.56 g NaH2P04.H20 in 10 I of distilled water; 
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Control 
Inject saline 
only. 
Inject FCA in 
saline. 
Antibody tit rations based on 
triplicate samples per fish. 
Figure 6.1 Summary of experimental protocol for investigating the impact of PCBs on turbot immune function. 
(2) Coating buffer of 0.5 M carbonate, pH 9.6- 1.59 g Na2C03 plus 2.93 g NaHC03 in I litre 
of distilled water; (3) Washing buffer- 45 g NaCI, plus 2.5 m! of Tween 20® in 5 I of distilled 
water; ( 4) Incubation buffer - 0.5 m! of Tween 20® in I litre of PBS; (5) Peroxidase substrate 
buffer - 5.19 g citric acid plus 7.19 g Na2HP04 in I litre of distilled water; (6) OPD stock 
solution - 100 mg of 0-phenylenediamine in 10 ml of 10% methanol (stored in the dark at 
4°C and used within I day of preparation); and finally, (7) Peroxidase substrate working 
solution - I ml of OPD stock solution plus 0.05 ml of 6% H20 2 in 99 ml of peroxidase 
substrate buffer (Kemeny, 1991). 
Preliminary ELlS A experiments were undertaken to optimise the concentration of the 
antigen for coating the microtitre plate, the required dilution of turbot serum, the optimal 
dilution of anti-turbot lg, and the optimal incubation time for the assay (Manning and Field, 
1994). On this basis, the KLH stock solution was diluted in coating buffer to give a working 
solution of 20 flg KLH m1· 1• Using a Linbro® 96-well immunoassay microtitre plate (ICN 
Biomedicals, UK), 150 fll well·1 of the working solution was added to the plate, incubated 
overnight at approximately 20°C, then washed three times with washing buffer and allowed to 
air dry. Dilutions of reference turbot serum (typically, 1/10, 1120 and 1140) were prepared in 
incubation buffer, added to the plate using 150 fll well'1' incubated for 2 h at approximately 
20°C and then washed and dried as above. Rat anti-turbot serum (diluted 111000 in 
incubation buffer) was then added to the plate using 150 fll well· 1, incubated for 2 h at 
approximately 20°C and then washed and dried as above. Rabbit anti-rat peroxidase 
conjugated serum (diluted 1/1000 in incubation buffer) (Sigma, A-5795) was then added to 
the plate using 150 fll well·1, incubated for 2 h at approximately 20°C and then washed and 
dried as above. Peroxidase substrate working solution was then added to the plate using 150 
fll well- 1, the colour reaction stopped after approximately 12 min by the addition of 25 fll per 
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well of 2.5 M H2S04 • Finally, the plate was placed on a Multisoft Multiskan® microtitre plate 
reader (Labsystems, UK) and the absorbance of each well measured at 492 nm, with the 
results incorporating the appropriate blanks. 
6.2.7 Assays for Non-Specific Immune Function 
Humoral immune parameters. Total protein concentrations and lysozyme activity were 
measured in fresh serum using the microtitre plate techniques developed earlier (see section 
3.2.2). 
Phagocyte respiratory burst activity. Using the entire kidney as a source of 
phagocytes, cell suspensions were prepared in phenol red-free Hank's Buffered Salt Solution 
(HBSS), supplemented with 10 Units mr 1 of heparin and penicillin (100 Jlg ml'1)/streptomycin 
(100 Units ml-1) (P/S) as described in section 2.9. Viability of the kidney cells harvested in 
this manner was consistently above 99%, based on the trypan blue exclusion method (Hudson 
and Hay, 1989). 
Following kidney cell collection, the generation of various reactive oxygen species 
was measured in vitro using the NBT reduction assay for intracellular 0 2• (section 3.6), the 
FCC reduction assay for extracellular 0 2. (section 3.7) and the phenol red reduction assay for 
H20 2 production (section 3.8). The same suspensions of kidney cells were used for all the 
assays of ROS production. 
6.2.8 Statistical Analyses 
All data were tested against the assumptions of normality and homogeneity of variance and, 
where these assumptions were met, the treatments were compared using two-way analysis of 
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variance (ANOV A). Where the data failed to meet these assumptions, treatments were 
compared using Wilcoxon's (non-parametric) signed rank test (Sokal and Rohlf, 1981). In 
addition, the coefficient of variation (CV) was calculated for each parameter in order to 
explore whether PCB exposure affected inter-individual variability within the treatments 
(Bennett, 1987; Depledge 1990). 
6.3 Results 
6.3.1 Physico-Chemical Analyses 
A summary of the mean measured PCB concentrations in the reference and spiked sediments 
is given in Table 6.2. Based on the !: ICES 7 congeners, the reference sediment contained 
mean measured !: PCBs of <0.2 J.Lg kg-1 dry wt, while the spiked sediment contained !: PCBs 
of 48.7 J.Lg kg-1 dry wt. Based on !: 25 PCB congeners, the reference sediment contained 
mean measured !: PCBs of 1.97 J.Lg kg-1 dry wt, while the spiked sediment contained !: PCBs 
of 97.3 J.Lg kg·1 dry wt. 
Analysis of the diet for pesticides and !: PCBs gave the following results: dieldrin 19 
J.Lg kg-1; lindane 13 J.Lg kg-1; pp-DDE 25 J.Lg kg·1 (as dry wt). All other chemical parameters 
(aldrin, a-hexachlorocyclohexane, heptachlor, heptachlor epoxide, op- DDD, pp-DDD, op-
DDT, pp-DDT and!: PCBs) were below the limit of detection (<1.0 J.Lg kg-1 dry wt). 
6.3.2 Survival, Growth and Disease Observations 
No mortalities occurred during the study and there were no external symptoms of 
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Detenninand Reference sediment Spiked sediment 
(n =2) (n =4) 
Mean SD Mean SD 
Organic carbon (% dry wt)• 1.61 0.12 1.97 0.16 
PCB (Jlg kg-1 dry wt)b 
CB18 
CB28 * 
CB31 
CB44 
CB47 
CB49 
CB 52 * 
CB66 
CB101 * 
CB105 
CBIIO 
CB118 * 
CB128 
CB138 * 
CB141 
CB149 
CBI 51 
CBI 53 * 
CBI 56 
CBI 58 
CB170 
CB180 * 
CB183 
CB187 
CB194 
l: ICES 7 (l:*) 
l:25 CB's 
Table 6.2 
1.24 0.73 1.02 0.29 
<0.2 4.78 0.36 
0.25 0.07 3.63 0.39 
<0.2 0.68 0.06 
<0.2 0.52 0.08 
0.35 0.13 2.90 0.26 
<0.2 3.95 0.52 
<0.2 3.75 0.44 
<0.2 6.78 1.11 
<0.2 1.05 0.22 
0.23 0.04 8.65 1.17 
<0.2 5.80 1.16 
<0.2 0.64 0.07 
<0.2 9.68 1.93 
<0.2 2.80 0.57 
<0.2 7.78 1.36 
<0.2 2.68 0.49 
<0.2 9.58 1.86 
<0.2 1.19 0.26 
<0.2 1.23 0.24 
<0.2 3.18 0.74 
<0.2 8.19 1.65 
<0.2 2.15 0.46 
<0.2 4.15 0.81 
<0.2 1.06 0.21 
<0.2 48.7 8.22 
1.97 0.89 97.3 14.1 
Sediment organic carbon and PCB concentrations. Key: a - sampled at 
0, 4, 8, 12, 16 and 18 weeks; b - <0.2 denotes that determinands were 
below the limit of quantitation. Spiked sediments were analysed at 0, 4, 
12 and 18 weeks, reference sediments were analysed after 0 and 18 weeks. 
The 'ICES 7' congeners were CBs 28, 52, 101, 118, 138, 153 and 180 
(highlighted as *). 
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Parameter Time Treatment group 
(wreks) -----------------------------------------
Reference sediment PCB-spiked sediment 
Non- Immunised Non- Immunised 
immunised immunised 
Wet weight (g) 0 2.3 ± 0.1 (I 0) for all groups. 
Total length (mm) 0 52 ± 0.6 (I 0) for all groups. 
Condition factor (K) 0 1.65 ± 0.06 (I 0) for all groups. 
-------------------------------------------------------------Wet weight (g) 10 11.0 ±0.8 10.8 ±0.6 11.3 ± 1.2 11.1 ± 0.6 
(10) (15) (10) (15) 
Total1ength (mm) 10 86 ±2.2 88 ± 1.5 85 ± 2.9 88 ± 1.4 
(10) (15) (10) (15) 
Condition factor (K) 10 1.72 ±0.08 1.58 ± 0.03 1.80 ±0.05 1.61 ± 0.04 
_________________________ t\.92. _______ _(!~ _______ (.!Ql_ _______ (!~----
Wet weight (g) 18 24.8 ± 2.0 27.4 ± 1.8 23.3 ±2.3 26.5 ± 1.4 
(20) (30) (20) (30) 
Total length (mm) 18 114±2.3 118 ± 2.4 112±3.2 116± 1.9 
(20) (30) (20) (30) 
Condition factor (K) 18 1.64 ±0.07 1.58 ± 0.03 1.59 ± 0.04 1.67 ±0.03 
Table 6.3 
(20) (30} (20) 
Growth parameters of turbot, S. maximus (L.), during the 18 week 
exposure period. Values represent mean± SE; n in brackets. 
Condition factor (K) calculated as (weight I totallength3) x 100. 
No significant differences were observed at P = 0.05. 
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(30) 
Parameter Time Treatment group 
(weeks) ______________________________________________ _ 
Reference sediment PCB-spiked sediment 
Non-immunised Immunised Non- Immunised 
immunised 
% Granulocytes 10 19.0 ± 1.2 21.7±1.4 27.2 ± 3.4 20.6 ± 1.2 
(5) (10) (5) (10) 
% Lymphocytes 10 69.0± 2.4 61.0 ± 3.1 57.0 ±4.9 65.2 ± 1.8 
(5) (10) (5) (10) 
% Monocytes 10 0.7 ±0.5 0.3 ±0.2 0.4±0.2 0.2 ±0.1 
(5) (10) (5) (10) 
% Thrombocytes 10 11.3 ± 2.1 17.0 ± 2.2 15.5 ± 1.9 14.0 ± 1.3 
------------------------~~---------Jl~---------~L _________ UQL ____ 
% Granulocytes 18 21.2 ± 1.5 19.9 ± 1.7 19.2 ± 3.0 19.7 ± 1.1 
(5) (10) (5) (10) 
% Lymphocytes 18 59.3 ±4.0 63.1 ± 3.2 59.3 ±4.0 59.6 ± 2.9 
(5) (10) (5) (10) 
% Monocytes 18 0.3 ±0.2 0.4 ±0.2 0.4 ± 0.2 0.7 ±0.3 
(5) (10) (5) (10) 
% Thrombocytes 18 19.9 ± 2.7 16.6 ± 1.8 17.0 ± 3.6 20.0± 1.9 
(5) (10) (5) (10) 
Table 6.4 Differential leucocyte counts in peripheral blood of turbot, S. maximus 
(L.), held on reference versus PCB-spiked sediments. 
Values represent mean ± SE: n in brackets. 
No significant differences were observed at P = 0.05. 
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disease in any of the turbot at any time before or during the exposure period. Based on a 
subsample of 10 fish, the wet weight (g), total length (mm) and condition factor, K = (wet 
weight I total length3) x 100 were calculated (Table 6.3). There were no significant 
differences in any of the growth determinands between fish held on the reference or PCB-
spiked sediments at P = 0.05. 
6.3.3 Differential Leucocyte Counts 
For practical reasons, differential leucocyte counts were conducted for peripheral blood 
smears taken from only 5 turbot per tank. Based upon the results for granulocytes, 
lymphocytes, monocytes and thrombocytes there were no significant differences (P;::1>.05) in 
the differential leucocyte counts in blood sampled from fish held on the reference or PCB-
spiked sediments (Table 6.4). 
6.3.4 Antibody Responses 
The results of the ELISA assays for anti-KLH antibody are presented in Figures 6.2 and 6.3. 
None of the fish showed significant antibody levels after 8 weeks post-primary immunisation 
with KLH. Eight weeks after the secondary immunisation, however, all turbot which had 
received KLH showed significantly increased antibody titres (Wilcoxon's test, P<0.05). For 
both sampling occasions, however, there were no significant differences in anti-KLH antibody 
titres between fish held on the reference or PCB-spiked sediments. 
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6.3.5 Serum Total Protein and Lysozyme Activity 
Serum total protein concentrations and lysozyme activity data are summarised in Table 6.5. 
After a total of I 0 weeks exposure (8 weeks post primary immunisation), there were no 
significant differences in total protein concentration between any of the treatment groups. 
After 18 weeks exposure, however, non-immunised fish held on reference sediment had 
significantly greater serum total protein concentrations compared with immunised fish held on 
reference sediment (ANOV A, P<O.O 1 ). Similarly, non-immunised fish held on PCB-spiked 
sediment had significantly greater serum total protein concentrations compared with 
immunised fish held on PCB-spiked sediment (ANOV A, P<O.OS). In all treatments (non-
immunised or immunised and reference or PCB-spiked sediment), serum total protein 
concentrations were significantly greater at 18 weeks than in the same treatment at 10 weeks 
(ANOVA, P<0.01). 
After a total of 10 weeks exposure, there were no significant differences in lysozyme 
activity in serum collected from fish from any treatment groups. After 18 weeks, non-
immunised fish held on reference sediment had significantly greater serum lysozyme activity 
compared with immunised fish held on reference sediment, and likewise for fish held on PCB-
spiked sediments (Wilcoxon's test, P<O.OS). In all treatments (non-immunised or immunised 
and reference or PCB-spiked sediment), serum lysozyme activity was significantly greater at 
18 weeks than in the same treatment at 10 weeks (Wilcoxon's test, P<O.OS). 
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Parameter Time Treatment group 
(wks) 
Reference sediment PCB-spiked sediment 
Non-immunised Immunised Non-immunised Immunised 
Total protein 10 26.9 ± 1.4 24.8 ± 1.1 (19) 26.2 ±2.2 22.7 ± 1.4 
(mg ml'1) (7) (8) (18) 
Lysozyme activity 10 37.9 ±3.7 37.6 ± 2.7 30.9 ± 2.7 44.9 ± 4.3 
(f..lg ml'l) (7) (19) (8) ( 18) 
------------------------------------------------------------------Total protein 18 41.8 ± 1.1 • 35.2 ± 1.1 • · b 41.8 ± 1.8 • 38.4 ± 1.1 • · c 
(mg ml-1) (15) (30) (15) (30) 
Lysozyme activity 
(f..lgml-1) 
18 192.3 ± 23.4 d 
(15) 
102.4 ± 9.7 d, e 
(30) 
212.9±27.5d 127.2 ± 11.2d.f 
(15) (30) 
Table 6.5 Total protein concentration and lysozyme activity in serum from turbot 
held on reference versus PCB-spiked sediments. Values represent mean 
± SE; n in brackets. Serum lysozyme activity expressed as Hen Egg 
White Lysozyme (HEWL) equivalent. a - significantly greater than the · 
week 10 values in fish from the same treatments (Student's t-test, 
P<0.01); b - significantly less than non-immunised riSh held on reference 
sediment for 18 weeks (Student's t-test, P<0.01); c - significantly less than 
non-immunised fish held on PCB-spiked sediments for 18 weeks 
(Student's t-test, P<O.OS); d - significantly greater than the week 10 
values in fish from the same treatments (Wilcoxon's test, P<O.OS); e -
significantly less than non-immunised fish held on reference sediment for 
18 weeks (Wilcoxon's test, P<O.OS); and f - significantly less than non-
immunised fish held on PCB-spiked sediments for 18 weeks (Wilcoxon's 
test, P<O.OS). 
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6.3.6 Respiratory Burst Assays 
The NBT, FCC and phenol red assays were applied simultaneously to the same cell 
suspensions prepared from each fish, allowing direct comparison of the specific ROS 
produced. 
Intracellular 0,£. The NBT reduction assay was successfully used to measure the 
intracellular production of 0 2- by adherent kidney cells from fish sampled at either 10 or 18 
weeks, the results being expressed as the ~20 per 106 cells (Figure 6.4). After 10 weeks 
exposure, adherent kidney cells from non-immunised fish held on PCB-spiked sediment had 
significantly lower intracellular production of 0 2- compared with non-immunised fish held on 
reference sediment (Wilcoxon's test, P<O.OS). Surprisingly, however, there was an even 
greater reduction in this parameter within the reference sediment treatments at I 0 weeks, 
whereby immunised fish had a significantly lower response compared with non-immunised 
fish (Wilcoxon's test, P<O.OS). Additionally, there were no significant differences regarding 
the intracellular production of 0 2- between immunised fish held on either reference or PCB-
spiked sediments. 
After 18 weeks exposure, there were no significant differences in the intracellular 
production of 0 2- by adherent kidney cells from within the non-immunised fish held on either 
reference or PCB-spiked sediments. Furthermore, adherent kidney cells from immunised fish 
held on both the reference and PCB-spiked sediments had a significantly increased 
intracellular production of 0 2- compared with the same treatments at 10 weeks (Wilcoxon's 
test, P<O.OS). 
Extracellular 0 2-. When aliquots of the same kidney leucocyte populations were 
analysed using the FCC test for extracellular 0 2- production, there were no significant 
differences between any combination of the various treatment groups at either I 0 or 18 weeks 
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(Figure 6.5). However, kidney cells from fish sampled from all treatments after 18 weeks 
showed significantly increased extracellular 0 2• production compared to 10 weeks 
(Wilcoxon's test, P<0.05), following the same temporal trend as observed in the NBT assay 
results. 
Extracellular Hillz. Exposure to PCB-spiked versus reference sediments for I 0 or 18 
weeks had no significant impact on kidney cell extracellular H20 2 production for either non-
immunised or immunised turbot (Figure 6.6). After 10 weeks on reference sediments, 
however, cells from immunised fish showed significantly greater extracellular H20 2 
production compared with non-immunised fish (Wilcoxon's test, P<0.05). In addition, 
extracellular H20 2 production by cells from non-immunised fish held on PCB-spiked 
sediments was significantly greater at 18 as compared to 10 weeks (Wilcoxon's test, P<0.05). 
6.4 Discussion 
Since marine sediments are known to be a major environmental sink for PCBs, and 
consequently represent a reservoir from which benthic organisms may become exposed to 
these persistent compounds, it is important that investigations of PCB immunotoxicity in 
marine fish consider contaminated sediment an environmentally relevant exposure route. The 
current study, therefore, evaluated the impact of exposure to PCB-spiked sediment on 
immune function in benthic fish, using PCB concentrations which are typical of many 
sediments sampled from coastal areas such as the North Sea (North Sea Task Force, 1993). 
PCB analyses. Analysis of the sediments showed that the exposure system remained 
chemically stable throughout the duration of the 18 week experiment, with mean measured 
concentrations of I: 25 PCBs of 1.97 and 97.3 IJ.g kg' 1 dry wt, in the reference and PCB-
spiked sediments, respectively (Table 6.3). While the I: PCB concentration was below 
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Parameter Time CV for each treatment group 
(weeks)" 
Reference sediment PCB-s["!iked sediment 
Non- Immunised Non- Immunised 
immunised immunised 
Peripheral blood:-
% Granu1ocytes 10 14.6 20.4 27.8 17.7 
% Lymphocytes 10 7.8 15.9 19.1 8.9 
% Monocytes 10 157 161 137 211 
% Thrombocytes 10 42.0 40.8 28.0 28.5 
Serum:-
Tota1 protein (mg mr') 10 14.0 18.4 21.9 26.6 
Lysozyme (Jlg mr') 10 25.6 31.6 23.2 41.9 
Anti-KLH antibody titres 10 62.1 32.6 40.8 46.6 
Kidney phagocytes:-
NBT (~20 per 106 cells) 10 77.1 28.8 46.4 70.4 
FCC (nM 0 2- per 106 cells)b I 0 33.5 31.6 7.6 32.5 
-~g_{J!¥_l!2.9l..E~r_l_9~£_e_!1~~---~o ______ iQ:~-----~~~-----lQ·.? ______ !7._J ___ _ 
Peripheral blood:-
% Granu1ocytes 18 21.6 26.4 49.1 17.0 
% Lymphocytes 18 14.9 15.9 15.1 15.4 
% Monocytes 18 137 173 136 121 
% Thrombocytes 18 29.8 34.0 47.1 29.4 
Serum:-
Total protein (mg mr') 18 9.7 16.7 7.40 15.9 
Lysozyme (Jlg mr') 18 47.1 51.8 50.0 48.4 
Anti-KLH antibody titres 18 29.5 20.3 44.3 20.9 
Kidney phagocytes:-
NBT (~2o per 106 cells) 18 83.8 136 71.8 44.5 
FCC (nM 0 2. per 106 cells)b 18 12.0 9.3 9.0 8.4 
PR (lJ.M H20 2 per 106 cells)" 18 63.8 56.6 41.7 60.0 
Table 6.6 Coefficients of variation in cellular and humoral immune function of 
turbot, S. maximus (L.), held on reference versus PCB-spiked sediments. 
Key: a -Time after primary immunisation (excluding initial 2 week pre-
immunisation period); b - FCC results measured in 100 Jll of supernatant 
after 60 rnin at 20 ± l°C; c. PR results measured in 100 Jll supernatant 
after 60 min at 20 ± 1 oc; CV (%) calculated as standard deviation I 
mean) x 100 (after Sokal and Rohlf, 1981). 
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the limit of detection ( <1.0 Jlg kg·' dry wt) in the diet used for the study, subsequent analysis 
indicated the presence of several organochlorine contaminants in the diet, including dieldrin at 
19 Jlg kg·', lindane at 13 Jlg kg·' and pp-DDE at 25 Jlg kg·' (as dry wt). These 
organochlorine concentrations are considered to be typical of many commercially available 
foods which contain marine fish oils, (Johnston, personal communication). Nonetheless, 
despite the presence of detectable trace levels of these organochlorine compounds, all the 
turbot survived and growth was consistently high throughout the 18 week exposure period. 
Without further investigation, whether the presence of organochlorine contaminants in the 
diet fed to the turbot acted to mask the potential immunotoxic effects of the PCB-spiked 
sediments is open to question; however, it would be very useful to see further definition of 
potential dietary contamination in future studies of fish immune function. 
Differential leucocyte counts. Based on the peripheral blood differential leucocyte 
counts, there was no evidence of either PCB exposure or KLH immunisation having a 
significant impact on the haematological profile of the turbot (Table 6.4). Indeed, despite the 
relatively small number of fish examined during the current investigation, the leucocyte values 
were generally similar to those reported for this species by Burrows and Fletcher ( 1987) and 
Quentel and Obach {1992). The coefficients of variation (CVs) in the differential leucocyte 
counts were observed to be wide ranging (7.8 - 211 %) and were not suggestive of a PCB-
related trend in inter-individual variability after either l 0 or 18 weeks (Table 6.6). 
Serum total protein and lysozyme activity. Analysis of serum total protein levels and 
lysozyme activity again gave no suggestion of PCB exposure having a significant impact on 
the test organisms. In all treatments, fish sampled at 18 weeks (after the secondary injection 
with FCA ± KLH) showed significantly higher serum total protein levels and lysozyme 
activity as compared with fish sampled at lO weeks (after primary injection with saline ± 
KLH) (Table 6.5). 
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While FCA was included in the secondary injections in order to amplify the specific 
immune response to primary and secondary KLH immunisation, the general increase in both 
serum total protein levels and lysozyme activity suggested a stimulation of non-specific 
humoral immunity in all fish injected with FCA. Unfortunately, practical limitations prevented 
the concurrent injection of turbot with saline only as a control for the non-specific 
immunogenic effects of FCA. 
There was relatively modest inter-individual variability within treatments for serum 
total protein levels (CVs from 7.4- 26.6 %) and lysozyme activity (CVs from 23.2- 50%), 
however, the data were not suggestive of a PCB-related trend in inter-individual variability 
after either 10 or 18 weeks (Table 6.6). Therefore, the effect of the immunisation schedule, 
as opposed to PCB associated immune dysfunction, was the predominant finding for this part 
of the investigation. Interpreting these results, it is clear that FCA was itself strongly 
immunogenic. Therefore, fish sacrificed 8 weeks after the primary injection (where KLH was 
carried in saline as opposed to FCA), cannot be compared directly with those fish sampled 8 
weeks after the secondary injection (where all fish received FCA, either alone or with KLH). 
Rainger and Rowley (1993) also showed that serum lysozyme levels in rainbow trout increase 
in the events following immunisation with a bacterial antigen such as Aeromonas salmonicida 
(T-1). In the current study, it was also noted that following exposure of turbot to sediments ± 
PCBs for 18 weeks, non-immunised turbot had significantly higher serum total protein levels 
and lysozyme activity as compared with KLH-immunised fish. In considering these results, it 
should be borne in mind that the serum total protein and lysozyme levels may have followed 
different rates in their rise and subsequent decline, according to the immunisation protocol 
employed. Therefore, since the kinetics of the non-specific immune responses are consistent 
with the maintenance of immune integrity during the maturation period of the primary specific 
immune response (Rainger and Rowley, 1993), the relationship between the serum total 
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protein level and lysozyme activity may have been different in turbot sampled within a shorter 
time period after immunisation with KLH. 
Anti-KLH antibody titres. As expected, the baseline ELISA measurements made in 
serum collected from turbot after lO weeks sediment exposure (8 weeks post-primary 
immunisation with saline ± KLH) showed no significant differences between any treatment. 
Following the secondary immunisation, control fish receiving FCA only and sampled after 18 
weeks had slightly higher mean serum antibody titres than did fish from the same tanks 
sampled after 10 weeks. In contrast, fish injected with KLH in FCA at 10 weeks had 
markedly higher serum antibody titres when sampled 8 week later (Figure 6.2). There was no 
evidence, however, of PCB-related changes in the anti-KLH antibody titres in any of the 
treatment groups during the experiment, and no suggestion of treatment related effects in 
terms of the inter-individual variability in antibody titres (CVs from 20.3 - 62.1 %) (fable 
6.6). 
Studies by other groups into the effects of PCBs on specific immunity have also 
produced somewhat variable results. Thuvander and Carlstein (1991) gave rainbow trout 
Clophen® A50, either via i.p. injection (5 to 50 mg kg·' body wt) or in the diet (500 mg kg·' 
food). Although they observed no dose-related effects in various morphological and non-
specific parameters, antibody levels to the thymus independent (f-1) antigen, Vibrio 
anguillarum, were significantly reduced in fish fed diets spiked with Clophen® A50. 
Similarly, Thuvander et al. (1993) also administered i.p. injections of Clophen® A50 (40 or 
80 mg kg·' body wt) to rainbow trout and, subsequently, immunised the fish with the thymus 
dependent (T-D) antigen, KLH. While there was no evidence of PCB injection affecting 
blood leucocyte counts or anti-KLH antibody, the responsiveness of splenocytes to both T 
and B cell mitogens increased in PCB-exposed fish after immunisation with KLH. Arkoosh et 
al. (1994) have also given i.p. injections of Aroclor® 1254 (54 mg kg-1 body wt) to chinook 
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salmon, noting suppressed B cell mediated immunity in fish immunised (primary and 
secondary challenges) with the T-1 antigen, trinitrophenol lipopolysaccharide, but not in fish 
similarly challenged with KLH (T-D). Despite the unfortunate lack of information on the 
congeners present in the technical mixtures of PCBs that were used in many of these studies, 
the published data, therefore, appear to indicate that PCB-induced specific immune 
dysfunction in teleosts is characterised by impaired B cell, rather than T cell immunity. Based 
on these data, together with the extensive evidence from experimental studies on mammals 
that PCBs can lead to thymic atrophy and associated T cell dysfunction (Descotes, 1988; Lee, 
1992), it is clear, therefore, that further investigations are warranted into the effects of well 
characterised PCB congeners on teleost Band T-cell function. 
Intracellular 0 2-. As measured by the NBT reduction assay (with ~20 values 
corrected for the number of adherent cells per well) after I 0 weeks, there was a significant 
reduction in the intracellular production of 0 2- by the adherent kidney cells of non-immunised 
fish exposed to PCB-spiked versus reference sediments (Wilcoxon's test, P<0.05). In fish 
exposed to reference sediment only and also sampled after 10 weeks, however, primary 
immunisation appeared to have an even more dramatic effect than did PCB exposure. After 
18 weeks, while there was a slight reduction in the intracellular production of 02- in non-
immunised fish exposed to PCB-spiked versus reference sediments, this apparent PCB related 
effect appeared to be greater between the immunised fish but was not statistically significant 
(Figure 6.4). Interestingly, in contrast to the observations for serum total protein and 
lysozyme activity described earlier, there was no evidence of the injection of FCA alone 
having a marked immunogenic effect in terms of the reduction of NBT. There was also no 
suggestion of treatment related trends in terms of the inter-individual variability in NBT 
reduction (CVs from 28.8 - 136 %) (Table 6.6). The variability observed for this assay was 
somewhat greater than that observed for the FCC and PR assays of extracellular oxygen 
173 
radical production and, from a practical perspective, was also substantially more time 
consuming (see below). 
Extracellular 02. In contrast to the marked differences observed for intracellular 02-
production between kidney cells of fish sampled after I 0 weeks from the various treatments, 
the extracellular production of 0 2-, as measured by FCC reduction, was not significantly 
different between any of the treatments (Figure 6.5). While there were also no significant 
inter-treatment differences fn FCC by kidney cells from fish sampled after 18 weeks, cells 
from all groups of fish sampled at this time showed significantly increased extracellular 
production of 02- compared with the week 10 data (Wilcoxon's test, P<0.05). Again, these 
observations may be associated, as were serum total protein levels and lysozyme activities, to 
the non-specific immunogenic effect of FCA. There was also no suggestion of treatment 
related trends in terms of the inter-individual variability in FCC reduction (CVs from 8.4 -
33.5 %) (Table 6.6). 
Extracellular H~. For both non-immunised and immunised groups of fish sampled 
after I 0 weeks, extracellular H20 2 was slightly reduced in fish held on PCB-spiked versus 
reference sediments (Figure 6.6). Once again, however, the immunisation protocol appeared 
to have a more obvious influence on PR reduction than did PCB exposure. Indeed after 10 
weeks, PR reduction was markedly greater in KLH injected fish versus non-immunised fish 
held on all sediment (with or without PCBs). Furthermore, the non-specific immunogenic 
effect of FCA on PR reduction at 18 weeks was particularly apparent in turbot not immunised 
with KLH. As for the other respiratory burst assays, there were no treatment related trends 
with respect to the inter-individual variability in PR reduction (CVs from 30.2 - 63.8 %) 
(Table 6.6). 
Ratio of extracellular 0 2- : H20 2. The parallel measurement of in vitro extracellular 
02- and H202 production turbot kidney cell suspensions gave the opportunity to examine 
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possible effects on the individual parameters of the respiratory burst. After I 0 weeks, there 
was an increased production ratio of 0 2- : H20 2 in non-immunised turbot exposed to PCB-
spiked sediment versus reference sediment, while the 02· : H202 ratio was decreased in 
immunised fish held on reference versus PCB-spiked sediments (Figure 6.7). After 18 weeks, 
however, there appeared to be relatively little variation in the 0 2- : H20 2 ratio with respect to 
either KLH immunisation or PCB exposure. With the exception of the non-immunised fish 
held on PCB-spiked sediments, there also appeared to be an increase in the 0 2- : H20 2 ratio in 
kidney cells of turbot sampled after a total of 18 versus I 0 weeks, again possibly due to the 
immunogenic effect of FCA injection at I 0 weeks. The precise reasons for these trends are 
currently unclear, however, in future it may be possible to better understand the biochemical 
mechanisms involved through the further use of oxygen radical specific enzymes such as 
superoxide dismutase (reduced by 0 2") and catalase or myeloperoxidase (reduced by H20 2) 
(Halliwell and Gutteridge, 1993). 
General discussion. Given the potential implications for both ecosystem and human 
health, there is widespread concern regarding the association between infectious and 
cancerous diseases in several species of marine flatfish and PCB contamination of many 
coastal sediments (Malins et al., 1984; Vethaak and ap Rheinallt, 1992; North Sea Task 
Force, 1993). To date, however, there appears to be relatively little experimental information 
available on the effects of specified PCB congeners, exposed via environmentally realistic 
routes, on the immunological health of marine fish and other probable target organisms (for 
example, infaunal invertebrate species) (summarised in Table 6.7). 
In the current study it was found that following a relatively prolonged exposure of 
juvenile turbot to sediment contaminated with environmentally realistic levels and mixtures of 
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PCB congeners, a suite of cellular and humoral immune functional parameters was generally 
not significantly affected by PCB exposure. This remained the case whether following either 
the traditional approach of experimental population analysis or the evaluation of inter-
individual responses (Bennett, 1987; Depledge, 1990). Indeed, with the possible exception of 
significant PCB-induced effects on non-immunised fish exposed to PCB-spiked sediments for 
10 weeks (in terms of NBT reduction by adherent kidney cells), the immunisation protocol 
had a generally greater impact on turbot immune function than did PCB exposure. With 
regard to the NBT assay, it is also noteworthy that Rice and Schlenk (1995) also found 
evidence of impaired NBT reduction by channel catfish kidney cells following i.p. injection of 
fish with PCB congener 126. Similarly, Ganey et al. (1993) reported impaired production of 
reactive oxygen species by neutrophils from rats exposed in vitro to the non-planar congener 
PCB 44 but not congener PCB 77. 
Clearly, many coastal areas which are located close to urban and industrial centres are 
consequently contaminated by a wide variety of organic and inorganic compounds (Fowler, 
1990; Matthiessen et al., 1993). Recent experimental data indicate that exposure of marine 
invertebrates (Smith et al., 1995) and flatfish (see chapter 7) to sediments contaminated with 
PAH and PCBs suggest that such mixtures are capable of leading to impaired immune 
function in these organisms. The complex chemical nature of many such sediments 
emphasises the need to support any biological data with relevant chemical characterisation of 
the test matrix, as even commercial PCB mixtures may vary in their congener composition, or 
even be contaminated with impurities such as the immunotoxic polychlorinated dibenzofurans 
(Lee, 1992; WHO, 1993). 
In conclusion, given the significant input of anthropogenic contaminants into coastal 
ecosystems and the potential for such contaminants to impair the immune functions of marine 
organisms, there is a clear need for further, multiple endpoint investigations in this relatively 
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Test substance Exposure Exposure Species Immunological effects Reference 
route concentration 
Fish species: 
Aroclor® 1232 i.p. 70 mg.kg"1 (x1) /ctalurus Decreased levels of serum ~-lg 7 days after PCB injection; Jones et al. 
pwu:tatus 100% mortality in PCB-injected fish when challenged with (1979) 
Aeromonas salmonicida. Also reported depressed 
bacterial phagocytic activity by peritoneal macrophages of 
PCB treated fish. 
Aroclor® 1254 Diet 1 - 100 mg.kg"1 Salmo Observed reduction in proportion of splenic lymphoid Nestel and 
(330days) gairdneri tissue. Budd (1975) 
Aroclor® 1254 IMM 7.3- 14.7Jlg.r1 Salmo Following challenge with Aeromonas salmonicida, Snarski 
(30 days) gairdneri mortality in PCB treated fish was significantly lower than in (1982) 
controls; leucocrits were increased and haematocrits 
-...1 decreased in PCB exposed fish cf controls. IJ:) 
Aroclor® 1254 and IMM 0.38 - 6.0 Jlg.r1 Salmo Exposure to the PCB mixture led to increased resistance to Mayer et al. 
1260 (90 days) gairdneri external challenges with Yersinia ruckeri. (1985) 
Aroclor® 1254 i.p. 5 mg.kg"1 Paralichthys After challenge with Escherichia coli, PCB treated fish had Stolen et al. 
(x1) dentatus suppressed serum agglutinating antibody level. (1985) 
Aroclor® 1254 Diet 3 - 30 mg.kg"1 Salmo Despite severe toxic effects (include. weight loss and Cleland et 
(12months) gairdneri bepatomegally), PCB exposure did not affect the PFC al. (1988) 
response to SRBCs. 
Table 6.7 Experimental studies on the effects of PCBs on immune function in fiSh and aquatic invertebrates. 
Test substance Exposure Exposure Species Innnunological effects Reference 
route concentration 
Fish species (continued): 
Aroclor® 1254 Diet 500 mg.kg"1 Salmo trutta Observed significant decrease in serum antibody titres to Ftsher ( 1989) 
(56 days) A. salmonicida. PCB exposure had no significant effect 
on allograft rejection. 
Aroclor® 1254 Salmo On resistance to infectious haemopoietic necrosis virus Spitzbergen et 
gairdneri al. (1989) 
Aroclor® 1254 ip. 54 mg.kg"1 (x1) Oncorhynchus PCB exposure suppressed the primary and secondary PFC Arkoosh et al. 
tschawytscha responses to TNP-LPS (T-1 antigen) but not to TNP- (1994) 
KLH (T-D antigen). 
Oophen® A50 ip. 5-50 Oncorhynchus PCB exposure led to severe fin erosion after 2 weeks; no Thuvander 
- mg.kg"1 (xl) my kiss significant histopathological changes were absent and and Carlstein 00 
0 
ant:J.body levels to Vibrio anguillanon, total Ig levels and (1991) 
circulating leucocyte numbers remained normal in PCB 
treatments. 
Oophen® A50 Diet 500 Oncorhynchus PCB exposure led to severe fin erosion after 4 weeks but Thuvander 
kg· I my kiss no histopathological changes were observed; antibody and Carlstein mg. 
(28 days) levels to Vibrio anguillanon, were significantly reduced (1991) 
by PCB exposure; total lg levels and circulating leucocyte 
numbers remained normal in PCB treatments. 
Table 6. 7 - continued. 
00 
Test substance Exposure Exposure Species Immunological effects Reference 
route concentration 
Fish species (continued): 
Clophen® A50 l.p. 40-80 Oncorhynchus After 9 weeks, histopathological effects noted in thymus Thuvander et 
mg.kg"1 (xl) my kiss and spleen; antibody levels to KLH and circulating al. (1993) 
leucocyte numbers remained normal in PCB treatments; 
responsiveness of splenocytes to LPS and PHA increased 
in PCB-treated fish after KLH challenge. 
PCB 126 i.p. 0.01- 1.0 /ctalurus Blood leucocyte counts were unaffected; observed dose- Rice and 
rng.kg"1 (xl) punctatus related induction of hepatic EROD activity, inhibition of Schlenk 
kidney NCC activity and suppression of kidney NBT (1995) 
reduction. Some evidence of effects on humoral 
responses to challenge with Edwardsiella ictaluri at 
lowest PCB dose. 
Aquatic invertebrate species: 
PCB 15 and 77 IM:M: o.o5 - 500 !lg.r1 Crangon Sub-acute exposure to PCB 15 produced a significant Smith and 
(5 days) crangon decrease in haemocyte counts and phenoloxidase activity, Johnston 
but with an increase in recoverable haemolymph volume. (1992) 
No significant effects were observed for PCB 77. 
Table 6.7- continued. Key: EROD - Ethoxyresorufin 0-deethylase; lg - Immunoglobulin; IMM - Immersion; i.p - intra-peritoneal; 
KLH - Keyhole Limpet Haemocyanin; LPS - Lipopolysaccharide; NCC - Nonspecific cytotoxic cell; PFC - Plaque Forming Cell; 
PHA - Phytohaemaglutanin; SRBC - Sheep Red Blood Cell; and TNP - Trinitrophenol. Note - Salmo gairdneri and Oncorhynchus mykiss are 
the old and new names, respectively, for the rainbow trout. 
CHAPTER7 
IMMUNE FUNCTION IN DAB, Limanda limanda (L.), EXPOSED TO SEDIMENTS 
CONTAMINATED WITH PAHs & PCBs 
7.1 Introduction 
~n conjunction with PCBs (chapter 6), PAHs (polycyclic aromatic hydrocarbons) represent 
one of the most important groups of organic marine contaminants. PAHs are fused 
compounds built on benzene rings, such that the sharing of a pair of carbon atoms leads to a 
molecular structure where all the carbon and hydrogen atoms lie in one plane. The 
environmentally relevant PAHs range from naphthalene (two fused rings; C10H8) to coronene 
(7 fused rings; C24H12). Within this range, there are many PAH compounds differing in the 
number and positioning of the aromatic rings, with varying number, position and eventual 
chemistry of substituents on the basic ring system. Physical and chemical properties of PAHs 
differ approximately in a regular trend with molecular weight. Susceptibility to redox 
reactions increases with increasing molecular weight, whereas aqueous solubility and vapour 
pressure decrease almost logarithmically with increasing molecular weight. Thus PAHs differ 
markedly in their environmental behaviour and interactions with ecological systems (Moore 
and Ramamoorthy, 1984). 
PAHs originate from both anthropogenic and natural sources. Only a few PAHs are 
made commercially, including naphthalene (used in the manufacture of dyes, lubricants and 
solvents), acenaphthalene (used in dyestuff and plastics manufacture) and phenanthrene (used 
as a chemical intermediate), whereas 4-ring and 5-ring compounds have few industrial 
applications. Based on their physico-chemical properties, PAHs can be grouped into two 
classes: (i) lower molecular weight 2- to 3-ring aromatics such as naphthalenes, 
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phenanthrenes and anthracenes, these being volatile and water soluble, and (ii) higher 
molecular weight 4- to 7-ring aromatics such as chrysene and coronene, which are non-
volatile and adsorb readily to particulates (Neff, 1979). 
A general picture of the importance of P AH inputs into the marine environment can be 
obtained from data on total petroleum hydrocarbons. Recent estimates of the input of total 
petroleum hydrocarbons (tonnes annually) into the marine environment suggest the following: 
natural sources- 0.25 x 106; offshore production- 0.05 x 106; oil transportation- 1.47 x 106; 
atmospheric inputs - 0.3 x 106; total anthropogenic wastes and run-off - 1.18 x 106; total 
estimated annual input- 3.3 x 106 (McElroy et al., 1989). In coastal environments, domestic 
wastewaters and urban run-off contain significant P AH residues, much of which is due to the 
erosion of automobile combustion products from roads, especially in periods of heavy rainfall. 
For example, Barrick (1982) calculated that a Seattle sewage treatment works discharged 
approximately one tonne of PAH per year into Puget Sound, USA. Given the significance of 
anthropogenic PAH inputs into the marine environment, it is not surprising that these 
compounds are commonly found in the coastal ecosystems of industrialised areas of the 
world. 
As a result of their strong tendency to adsorb to particulates, many PAHs are 
concentrated in marine sediments such that water column concentrations are < 1.0 mg r• while 
sediment concentrations may reach several thousand mg kg-• (Malins and Hodgins, 1982). 
For example, in areas of the Elizabeth River, Virginia, USA, sediment mean ~PAH 
concentrations were 570 mg kg-• dry weight (Faisal and Huggett, 1993). In the North Sea, 
whole sediment ~PAH concentrations ranged from <0.1 - 35.2 mg kg·• dry weight 
(determined by gas chromatography) along the transect of the Bremerhaven workshop 
(Stebbing et al., 1992). Furthermore, it is well known that P AHs present in contaminated 
marine sediments are taken up by benthic organisms, with ~p AH levels in invertebrates 
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reaching up to 5.0 mg kg-• dry weight. Body burdens of ~PAHs are typically less in fish, 
apparently due to their ability to metabolise rapidly and excrete such compounds (Varanasi, 
1989). 
In recent years, there have been a growing number of observations of increased 
disease prevalence in benthic fish sampled from coastal areas where sediments are 
contaminated with PAHs, often in conjunction with PCBs and other anthropogenic 
compounds (Malins et al., 1984; Vethaak and ap Rheinhallt, 1992; North Sea Task Force, 
1993). Indeed, several field studies have found evidence of immunosuppression in fish 
sampled from inshore areas known to be contaminated with P AHs and other organic 
contaminants. Weeks and Warriner (1984), for example, reported a marked reduction in the 
phagocytic capability of macrophages from spot (Leiostomus xanthurus L.) collected from 
PAH-contaminated sites of the Elizabeth River, Virginia, USA. Subsequently, it was reported 
that the in vitro chemotactic activity of kidney macrophages was also impaired in spot and 
hogchoker (Trinectes maculatus L.) collected from these grossly-contaminated sites (Weeks 
and Warriner, 1986; Weeks et al., 1986). Furthermore, Warriner et al., (1988) reported 
impaired kidney macrophage chemiluminescence in spot collected from the same area. More 
recently, Arkoosh et al. (1991) reported evidence of suppressed immunological memory in 
juvenile chinook salmon, Oncorhynchus tshawytscha (L.), sampled during their migration 
through the Duwamish Waterway (contaminated with PAHs and PCBs), Washington, USA. 
Other relevant reports include the observations of fin rot outbreaks in mullet (Mugil cephalus 
L.) inhabiting ponds contaminated with crude oil (Minchew and Yarborough, 1977; Giles et 
al., 1978). In addition, Khan (1990) observed increased prevalences of gill parasite 
(Trichodina sp.) infection in longhorn sculpin (Myoxocephalus octodecemspinosus L.) 
following areas contaminated during the Exxon Valdez oil spill. 
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A number of laboratory investigations also support the field evidence of an association 
between impaired immune function in estuarine and marine fish exposed to sediments 
contaminated with PAHs and other xenobiotics. In association with the field investigations 
outlined above, Hargis et al. (1984) conducted laboratory exposures of spot to Elizabeth 
River sediments contaminated with high levels of PARs, observing the development of 
integumental lesions and severe fin and gill erosion in these fish. Warriner et al. (1988) also 
observed impaired kidney macrophage chemiluminescence in spot held on PAH contaminated 
sediments collected from the same area. Daniels and Gardner (1989) also observed 
haematological changes in winter flounder, Pseudopleuronectes americanus (L.), held on 
sediments from PAH contaminated sites in New England, USA. Laboratory exposure of cod, 
Gadus morhua (L.), and longhorn sculpin to crude oil contaminated seawater also led to 
significant increases in the prevalence of monogenean gill infections (Khan, 1988; 1990). In 
Europe, Bucke and eo-workers (1989) reported reduced serum antibody titres to Vibrio 
anguillarum in dab, L. limanda (L.), held in the laboratory on sediments from Liverpool Bay, 
UK (contaminated with PAHs and heavy metals), while Tahir et al. (1993) observed evidence 
of immunomodulation in dab held on oil-contaminated sediments. Flounder, Platichthys 
jlesus (L.), held in mesocosms containing harbour sediment contaminated with PAHs and 
PCBs have also been shown to have a significant reduction in their antibody titres against 
lymphocystis virus (Dixon et al., 1996). 
There is also recent experimental evidence of sediment-associated contaminants 
affecting immune function in marine invertebrates. For instance, Sami et al. ( 1993) observed 
immunomodulation in American oysters (Crassostrea virginica L.) held on Elizabeth River 
sediments, while Smith et al. (1995) reported evidence of immune dysfunction in common 
shrimp, Crangon crangon (L.), exposed to contaminated Rotterdam harbour sediments. 
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While the majority of published studies provide valuable support for the view that 
PAH contaminated sediments may adversely affect immune function in marine organisms, in 
many instances, the sediments also contain significant levels of other potentially immunotoxic 
xenobiotics. In seeking to focus on the role of specific groups of chemical substances, such 
as PAHs or PCBs, it is desirable to complement experiments using natural sediments with the 
use of sediments which are artificially contaminated ('spiked') with the substances of concern. 
It was, therefore, decided to undertake a laboratory study to investigate non-specific immune 
function in dab, L. limanda (L.), held on sediments spiked with either PAHs or PCBs, or a 
mixture of both. The immunological parameters monitored included serum total protein 
concentrations and lysozyme activity, together with the extracellular production of ROS by 
dab kidney leucocytes. The investigations of immune function described herein were part of a 
collaborative study conducted at the MAFF Fisheries Laboratory, Bumham-on-Crouch, UK. 
Other workers investigated a range of biomarkers, including the induction of hepatic 
cytochrome P-450, liver histopathology, genotoxic damage, etc. (not reported to date). All 
data relevant to this immunological study are filed under the Brixham Environmental 
Laboratory study number Z107. 
7.2 Materials and Methods 
7.2.1 Sediment Spiking Procedures and Physico-Chemical Analyses 
Aerobic sediment was collected from Maplin Sands, Essex, UK (Ordnance Survey sheet 
number 178, grid reference TR 010 880), an area considered to be free from contamination 
by organic compounds or heavy metals (Thain, unpublished data). Sub-samples of the fresh 
aerobic, sediment were also dried and analysed for the particle size range, the major 
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components being as follows (particle size range in parentheses): 24% medium sand (0.25 -
0.5 mm); 37% fine sand (0.125 - 0.25 mm); 13% very fine sand (0.0625 - 0.125 mm); and 
11% silt or clay (<0.0625 mm). In addition, the organic carbon content (determined by loss 
on ignition) of the sediment was calculated to be approximately 1.92 % (w/w as dry weight). 
A well-characterised coke oven tar was used as the source of PAHs. The commercial 
PCB formulations, Aroclor® 1242, 1254 and 1260, used during the experiments were kindly 
donated by Monsanto Limited. On collection, the sediment was randomly subdivided to 
provide clean reference material for the control tanks, while the remaining material was used 
for the artificial contamination ('spiking') with PAHs or PCBs. Mixing of the PAHs (in 
methanol) and PCBs (after first dissolving a I: l: I mixture of Aroclor® 1242, 1254 and 1260 
in acetone) was carried out using a cement mixer. The PAH or PCB solutions were added 
initially to small volumes of sediment, followed by the progressive addition of more sediment 
until the following nominal concentrations were achieved: 
Treatment l: Control- Natural aerobic sediment. 
Treatment 2: Spiked PAH sediment (nominally 10 mg kg-1 dry wt as ~PAHs). 
Treatment 3: Spiked PCB sediment (nominally 200 Jlg kg·1 dry wt as ~PCBs). 
Treatment 4: Sediment spiked with PAHs (nominally 10 mg kg" 1 dry wt as ~PAHs) 
and PCBs (nominally 200 Jlg kg-1 dry wt as ~PCBs). 
Immediately after preparation, the sediments were added to the appropriate exposure tanks 
(duplicate tanks per treatment) and supplied with flowing clean seawater. Sediments were 
then allowed to stabilise under these conditions over a 4 week period. 
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The concentrations of specific PAHs and PCB congeners in the spiked and control 
sediments were analysed at the beginning of the exposure period. For the purpose of these 
chemical analyses, approximately 50 g samples were randomly collected from each tank, 
placed in clean glass jars and stored at -I8°C until required for chemical analysis. Sediment 
samples were then air dried to constant weight (24 - 48 h), ground in an agate mortar and 
pestle and passed through a 2 mm sieve. For PAH analysis, alkaline digestion of the dried 
sediment samples was followed by pentane extraction and analysis by fluorescence 
spectrometry. Following clean-up on alumina, the extracts were analysed for total 
hydrocarbons by gas chromatography and for specific PAHs by GC-MS (Law et al., 1988). 
For PCB analysis, a 10 g subsample was mixed with anhydrous sodium sulphate and extracted 
in a Soxhlet apparatus with 50:50 of n-hexane:acetone for 6 h, after the addition of 
approximately 30 g of copper to assist sulphur removal. Aliquots of the sample extract (50 
ml) were subjected to absorption chromatography (All chin et al., 1989). PCB residues were 
determined by GC-ECD using a 50 m x 0.2 mm i.d. capillary column coated with 0.33 Jlm 5% 
phenyl methyl siloxane. Each batch of samples was run with a certified reference sediment for 
quality assurance. In accordance with the recommendations of ICES, PCB concentrations 
were expressed as the sum of congeners PCB 28, 52, 101, 118, 138, 153 and 180 (I: ICES 7 
CB congeners) and as the sum of 25 congeners ranging from PCBs 18 to 194. 
7.2.2 Laboratory Exposure System 
Fibreglass exposure tanks, each 2 m x 2 m in size, were used for the experiment. Sediment 
was added to each tank to a minimum depth of 15 cm (giving 0.6 m3 of sediment per tank), 
with 55 cm depth of overlying seawater (giving a capacity of 220 I per tank). The flow of 
clean, seawater was maintained at approximately 2 I min· 1, giving approximately 13 volume 
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replacements per day. Clean seawater was drawn from a submerged intake in the Crouch 
estuary, Essex and supplied to the exposure tanks at ambient temperature. Gentle aeration 
was also provided in order to maintain water quality, while minimising disturbance of the 
sediment. 
7.2.3 Test Organisms and Feeding Regime 
Due the biochemical techniques being deployed by others in this collaborative experiment, all 
female dab, L. limanda (L.), (mean total length approximately 20 cm), were collected from 
the Crouch Estuary, Essex during the period October to November 1993. After a quarantine 
period of several weeks, healthy fish were randomly allocated to the exposure tanks on 9th 
December 1993, using a stocking rate of 30 fish per tank. 
The original intention was to feed the fish on commercial trout pellets. Chemical 
analysis of a batch of the candidate diet (BP Nutrition Limited, UK) indicated that some 
contaminant levels were unacceptably high; 30 mg kg· 1 of total hydrocarbons; 180 flg kg·1 of 
naphthalene; 50 flg kg·1 of fluoranthene; 30 flg kg-1 of phenanthrene; and 0.2 - 0.3 flg kg- 1 of 
I:PCBs (dry wt basis) (Thain, personal communication). Concern over these levels of dietary 
contamination by PAHs and PCBs led to the selection of cooked, frozen Mytilus edulis 
(Tuskar Rock Sea Food, Lett and Co. Limited, Wexford, Ireland) as a suitable diet (Thain, 
personal communication). 
7.2.4 Assays for Non-Specific Immune Function 
Fish were sampled after 7 days exposure to the sediments. A small subsample (approximately 
5 fll) of peripheral blood was collected from the fish and used to prepare blood smears 
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(section 2.6). The remaining peripheral blood was collected into a non-heparinised 
microcentrifuge tube for measurement of total protein and lysozyme activity (section 3.2.2). 
After bleeding was complete, the liver and spleen were removed for subsequent biochemical 
or histological analysis by other workers (unpublished data). The entire kidney was then 
removed, and the generation of various ROS by kidney cell suspensions was measured in 
vitro using the NBT reduction assay for intracellular 0 2- (section 3.6), the ferricytochrome C 
reduction assay for extracellular 0 2- (section 3.7) and the phenol red reduction assay for H20 2 
production (section 3.8). The same suspensions of kidney cells were used for all the assays of 
ROS production. 
It was originally intended to repeat these analyses on dab sampled after further 
exposure periods of 3 and 6 months. However, all fish in the control tanks unexpectedly died 
after almost 3 months (March 1994) exposure, apparently due to a deterioration in water 
quality and an associated outbreak of bacterial disease in fish held in the duplicate control 
tanks. Although no significant mortalities occurred in the fish held on P AH and/or PCB 
spiked sediments during this period, it was decided not to continue the experiment in the 
absence of proper controls. 
7.2.5 Statistical Analyses 
All data were tested against the assumptions of normality and homogeneity of variance and, 
where these assumptions were met, the treatments were compared using two-way analysis of 
variance (ANOV A). Where the data failed to meet these assumptions, treatments were 
compared using Wilcoxon' s (non-parametric) signed rank test (Sokal and Rohlf, 1981 ). In 
addition, the coefficient of variation (CV) was calculated for each parameter in order to 
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explore whether the treatments affected inter-individual variability within the treatments 
(Bennett, 1987; Depledge 1990). 
7.3 Results 
7.3.1 Chemical Analyses 
To date, full details remain unavailable for the compound specific PAH and PCB profile of 
the various sediment treatments analysed at the start of the exposure period (Thain, personal 
communication). A summary of the currently available data is presented in Table 7.1. 
7.3.2 Survival, Growth and Disease Observations 
No mortalities occurred during the first 7 days of the study and there were no external 
symptoms of disease in any of the dab within this period. Based on a subsamples of I 0 or 5 
fish per treatment, the body parameters were calculated for each treatment group (Table 7.2). 
There were no significant differences in any of these allometric parameters between control 
fish and those held on the spiked sediments at P = 0.05 (ANOV A). 
7.3.3 Serum Total Protein and Lysozyme Activity 
Serum total protein concentrations and lysozyme activity data are summarised in Table 7.3. 
After 7 days exposure to the various sediments, there were no significant differences in total 
protein concentration between any of the treatment groups. 
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Treatment 
Control 
PAHs only 
PCBs only 
PAHs+PCBs 
Table 7.1 
Replicate Mean measured contaminant levels 
tank EPAHs EICES 7 PCBs E25 PCBs 
(mg kg-1 dry wt) (J.Lg kg-1 dry wt) (J.Lg kg-1 dry wt) 
A nd 1.70 4.8 
B nd 0.23 1.5 
A 6.8 nd 1.0 
B 7.0 nd 0.83 
A nd 21 46 
B nd 43 94 
A 7.1 36 77 
B 7.0 44 96 
Summary of sediment concentrations of PADs and PCBs in the 
dab, L. limanda (L.), sediment exposure study. nd • not detected (limit of 
detection for PAHs was <0.1 mg kg-1 dry wt; limit of detection was not 
specified for PCBs) (Thain, personal communication). 
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Treatment 
Control 
PAHs only 
PCBs only 
PAHs+PCBs 
Table7.2 
Total length Wet weight K factor GSI HSI 
(mm) (g) 
257 ± 12 167 ± 26 0.96 ±0.04 4.20 ±0.39 2.20 ±0.21 
(5) (5) (5) (5) (5) 
259 ±6 176 ± 11 1.01 ± 0.02 4.95 ± 1.06 2.60 ±0.30 
(5) (5) (5) (5) (5) 
259 ±8 201 ± 33 1.12 ± 0.09 3.78 ±0.68 2.20 ±0.20 
(5) (5) (5) (5) (5) 
235 ± 11 132 ± 12 1.03 ± 0.12 2.58 ±0.19 2.20 ±0.22 
(5) (5) (5) (5) (5) 
Summary of body parameters of dab, L. limanda (L.), held on PAH 
and/or PCB spiked sediments for 7 days. Values as mean± SE 
(n in parentheses). 
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Treatment Total protein Lysozyme activity 
Control 
PAHsonly 
PCBsonly 
PAHs+PCBs 
Table 7.3 
(mgmr1) (!lg mr 1) 
48.2 ± 3.4 22.6 ±4.6 
(5) (5) 
43.1 ± 2.1 22.6 ± 2.23 
(5) (5) 
45.9 ± 3.3 22.1 ±3.7 
(5) (5) 
50.2 ± 2.6 25.0±2.8 
(5) (5) 
Total protein concentration and lysozyme activity in serum from dab, 
L. limanda (L.), held on PAH and/or PCB spiked sediments for 7 days. 
Values as mean ±SE (n in parentheses). Serum lysozyme activity 
expressed as Hen Egg White Lysozyme (HEWL) equivalent. 
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7.3.4 Respiratory Burst Assays 
Extracellular 0 2-_ The extracellular production of 0 2- by dab kidney leucocytes was measured 
using the FCC assay (Figure 7_la). There were no significant differences between 
extracellular 0 2- production by kidney leucocytes of dab sampled from the control, PAH or 
PCB spiked sediments after 7 days. 
Extracellular H,02• The extracellular production of H20 2 by dab kidney cells was 
detected using the phenol red assay (Figure 7 .l b). After 7 days exposure of dab to sediment 
spiked only with PARs, there was a significant reduction in H20 2 production as compared 
with control fish (Wilcoxon's test, P<0.05). While there was a 17% reduction in H20 2 
production in kidney cells from fish held on sediment spiked only with PCBs (not significant 
at P~ 0.05 when compared with the control fish), there was a further significant decrease in 
H20 2 production by kidney cells of dab exposed to sediment spiked with both P AHs and 
PCBs (Wilcoxon's test, P<0.05). Comparing fish exposed to sediments spiked with either 
PAHs only or PAHs plus PCBs, there was an approximate 26% decrease in H20 2 production 
associated with the additional presence of PCBs in the sediments (although this was not 
statistically significant when compared with the control fish). 
Ratio of extracellular 0 2- : H202. The extracellular ROS production (as nM 0 2- and 
J.LM H20 2 per 106 cells) was compared and the ROS ratios per treatment group are presented 
in Figure 7 .2a. Mean ROS ratios varied from 2.32 to 6.56 in dab exposed for 7 days to either 
the control sediments or to sediments spiked with P AHs and PCBs. 
After 7 days exposure of dab to sediment spiked only with P AHs, there was a 
significant increase in the ratio of extracellular 0 2- : H20 2 compared with the control fish 
(Wilcoxon's test, P<0.05). While there was only a 15% increase in the 02- : H202 ratio in 
kidney cells from fish held on PCB-spiked sediment (not statistically significant when 
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compared with the control fish), there was a significant (2.8-fold) increase in the 0£ : H20 2 
ratio by kidney cells of dab exposed to sediment spiked with both PAHs and PCBs 
(Wilcoxon's test, P<0.05). Comparing fish exposed to sediments spiked with either PAHs 
only or PAHs plus PCBs, there was an apparent 28% increase in the 0 2• : H20 2 ratio 
associated with the additional presence of PCBs in the sediments but this difference was not 
statistically significant. 
Intracellular 0 2-. Due to technical problems, it was not possible to apply the NBT 
assay to fish sampled after 7 days from the control and PCB-only treatments. Data on the 
intracellular production of 0 2- by adherent kidney cells were therefore only available for the 
PAH only and PAH + PCB treatments (Figure 7.2b). Comparing fish exposed to sediments 
spiked with either PAHs only or PAHs + PCBs, the apparent 20% decrease in NBT reduction 
(~20 per 106 cells) associated with the additional presence of PCBs in the sediments was not 
statistically significant. 
7.4 Discussion 
The original aim of this collaborative, multi-disciplinary study was to measure a variety of 
health parameters in dab, L. limanda (L.), held on contaminated sediments after 7 days and 
again after 3 and 6 months. Success in meeting this aim would have provided valuable data 
on the time course and potential relationship between xenobiotic-related effects in the test 
population (including bioaccumulation, allometric indices, hepatic biochemistry, 
histopathology, as well as immune function). Unfortunately, the complete mortality of the 
control fish approximately 3 months from the start of the experiment meant that the study was 
unsuccessful in meeting these aims. In addition, practical limitations meant that it was also 
not possible to apply as many of the immunological techniques in this study (located at 
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Figure 7.1 Extracellular production of(a) 0 2• and (b) H20 2 by dab, L limanda (L.), 
kidney phagocytes after 7 days of sediment exposure. Values as mean± 
SE (n = 5). Significantly different from control values(* Wilcoxon's 
test, P<O.OS). 
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Figure 7.2 Ratio of (a) extracellular 0 2·: H20 2 production and (b) intracellular 
reduction of NBT by dab, L limanda (L.), kidney phagocytes after 7 
days of sediment exposure. Values as mean± SE (n = 5). Significantly 
different from control values(* Wilcoxon's test, P<O.OS). 
l98 
MAFF, Bumham-on-Crouch, Essex) as had been applied in the previous turbot experiment 
(located at ZENECA's Brixham Environmental Laboratory, Devon) (chapter 6). 
Nevertheless, monitoring of the dab immune function over the short-term (7 days) did 
provide evidence of immunomodulation in fish held on certain types of contaminated 
sediments. 
Analysis of the sediments showed that PCB concentrations (as 1: ICES 7 congeners) 
in control and spiked sediments varied from 0.23 - 1.70 and 21 - 44 J.Lg kg·' dry wt, 
respectively. In terms of the 1:25 PCB congeners, the control and spiked sediments varied 
from 1.5 - 4.8 and 46 - 96 J.Lg kg-1 dry wt, respectively. Concentrations of l:PAHs in the 
control sediment treatments were below the limit of detection (<0.1 mg kg-1 dry wt) and 
ranged from 6.8 - 7.1 mg kg-1 dry wt in the spiked sediments (Thain, personal 
communication). 
There were no significant differences between the body parameters of fish from the 
various sampling times or sediment treatments. Serum total protein concentrations and 
lysozyme activities in dab also showed no significant effects between treatments after 7 days. 
Analysis of the intra-treatment (inter-individual) variability, the ranges of CV values for the 
serum total protein concentrations and lysozyme activities were 10.5 - 16.3% and 22.1 -
47.4%, respectively (Table 7.4), with no indication in these parameters of an association 
between contaminant exposure and inter-individual variability. 
In terms of ROS production by non-adherent kidney cells collected from dab after 7 
days, there were increases of 1.9% (PCB only), 20% (PAH only) and 21% (PAH + PCB) in 
kidney cell extracellular 0 2- production (Figure 7.1a). None of these differences in 
extracellular 0 2- production were, however, statistically significant using appropriate non-
parametric techniques (possibly due to the relatively small numbers of fish sampled per 
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treatment). There was also no suggestion of treatment related trends in terms of the inter-
individual variability in extracellular 0 2- production (Table 7.4). 
There were marked differences in terms of the extracellular production of H20 2 by the 
non-adherent kidney cells of dab sampled from the various treatments. After 7 days, there 
was a 17% decrease in extracellular H20 2 production by kidney cells from dab held on 
sediments spiked with only PCBs. This parameter also decreased significantly by 45% and 
59% (Wilcoxon's test, P<0.05) in the PAH only and PAH plus PCB treatments, respectively 
(Figure 7.1b). Although there were no treatment related trends with respect to the inter-
individual variability in extracellular H20 2 production, this tended to be much lower in fish 
from the contaminated sediments as compared with fish sampled concurrently from the 
control sediments (Table 7.4). 
Comparing the ratio of extracellular 0 2- (nM 0 2- per 106 cells) and H20 2 (IJ.M H202 
per 106 cells), while there was no significant difference in the 0 2-: H20 2 ratio in the PCB only 
versus control treatments, this ratio was significantly increased in dab held on either the PAH 
or the PAH + PCB contaminated sediments (Wilcoxon's test, P<0.05). The precise reasons 
for these trends are currently unclear, however, in future it may be feasible to progress 
towards a better understanding of the possible mechanisms involved in this process, possibly 
through the application of oxygen radical specific enzymes (such as superoxide dismutase -
reduced by 0 2- ; and catalase or myeloperoxidase - reduced by H20 2) (Halliwell and 
Gutteridge, 1993). 
Due to technical problems, the NBT assay was not applied to dab held on control or 
PCB contaminated sediments for 7 days. There was no significant difference between the 
NBT reduction by adherent kidney cells of dab held for 7 days on either PAH only or PAH 
plus PCB contaminated sediments. 
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Parameter Sediment treatment 
Control PAHs PCBs PAHs+PCBs 
Serum:-
Total protein (mg mr1) 16.0 10.7 16.3 11.4 
Lysozyme (Jlg mr1) 45.4 22.1 37.0 25.1 
Kidney phagocytes:-
NBT (~2o per 106 cells) 46.0 42.4 
FCC (nM 0 2- per 106 cells)" 2.84 2.37 3.23 3.23 
PR (J!M H202 per 106 cells)b 20.2 14.8 13.0 7.9 
Table 7.4 Coefficients of variation in cellular and humoral immune function of 
dab, L limanda (L.), held on control or spiked sediments. 
Key: a • FCC results measured in 100 Jll of supernatant after 60 min at 
20 ± 1 oc; b • PR results measured in 100 Jll supernatant after 60 min at 
20 ± 1 oc; CV (%) calculated as standard deviation I mean) x 100 (after 
Sokal and Rohlf, 1981). 
201 
Overall, these results suggested that short-term exposure of dab to PAH or PAH plus 
PCB spiked sediments led to significant changes in selected immune functions. While non-
specific humoral parameters of dab were apparently unaffected by exposure to contaminated 
sediments under the conditions described, there were significant changes in terms of 
extracellular ROS production (principally, a stimulation of 0 2- and an inhibition of H20 2). In 
contrast, there was no statistically significant evidence of any such effects in fish exposed only 
to PCBs. There was also no evidence that exposure of dab to a sediments containing a 
mixture of PAHs + PCBs led to statistically significant modification in ROS production as 
compared with fish exposed to solely PAHs. 
Although much of the historical concern about the impact of P AH and/or PCB 
contamination on marine fish health comes from field studies, there is an increasing number of 
laboratory studies being reported on this issue. A summary of the published experimental 
data on the effects of individual PAHs on fish and aquatic invertebrate immune function 
suggests that while P AHs can affect both cellular and humoral immune function in several 
aquatic species, the immunomodulatory effects appear to vary significantly according to the 
route of exposure, the compound tested, etc. (Table 7.5) (see Table 6.7 for details of 
individual PCBs). In brief, the effects observed following intra-peritoneal injection of fish 
with specific PAH compounds include reductions in circulating monocyte numbers (Walczak 
et al., 1987), suppression of secondary plaque forming cell responses to thymus-independent 
(T-1) but not thymus-dependent (T-D) antigens (Arkoosh et al., 1994) and inhibition of 
phenol red reduction by kidney and spleen cells (Lemaire-Gony et al., 1995). Experimental 
exposure of fish and shellfish to mixtures of aromatic hydrocarbons by immersion has also 
been shown to inhibit humoral responses to A. salmonicida (T-I) (Fisher, 1989) and stimulate 
cellular ROS production (Coles et al., 1994). 
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Published data on the experimental effects of mixtures of PARs and/or PCBs on fish 
and aquatic invertebrate immune function are summarised in Table 7.6. For example, Bucke 
et al. ( 1989) observed impaired humoral responses in dab exposed to contaminated sediments 
from Liverpool Bay, while Pulsford et al. ( 1992) reported changes in the circulating 
differential cell counts dab held on the same sediments. In contrast, however, sediments from 
the same area failed to induce significant changes in turbot kidney phagocyte 
chemiluminescence (Field, 1990). 
In summary, these reports collectively provide compelling experimental evidence 
supporting the view that environmental exposure to PARs and/or PCBs has a clear potential 
to cause significant immune dysfunction in fish. Unfortunately, none of these reports include 
details of the actual levels of individual contaminants present in the sediment and it is, 
therefore, difficult to make a direct comparison with the results of the current studies in dab. 
There is, however, recent evidence of immunomodulation in marine Crustacea, Crangon 
crangon (L.), exposed for 12 days to harbour sediments containing concentrations of 
approximately 5.7 mg ~PARs kg·' dry wt and 368 J.Lg ~PCBs kg·' dry wt (and including 
elevated levels of cadmium, copper, lead, mercury and zinc) (Smith et al., 1995), these levels 
of PARs and PCBs being comparable to those used in the current study. 
The mechanism by which exposure to PARs and/or PCBs may lead to impairment of 
immunocompetence in fish is currently poorly understood. While exposure to toxic levels of 
some chemical substances ('general stressors') may act primarily on organs other than the 
lymphoid tissues, such that evidence of immune dysfunction may be regarded as a secondary 
effect (Sindermann, 1990), it is possible that at least some chemicals may have a more direct 
mode of action on the lymphoid tissues. With respect to PARs and PCBs, it is known that 
both groups of substances are metabolised in fish and other vertebrate systems through the 
activity of the cytochrome P-450 enzyme system. While the vertebrate liver is considered to 
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be the major organ with cytochrome P-450 activity, it is recognised that in many lower 
vertebrates and other species, there is significant extra-hepatic cytochrome P-450 activity 
(Piaa, 1986; Stegeman et al., 1992). In particular, the teleost kidney has been shown to be 
important in the metabolism of a variety of endogenous and exogenous organic compounds, 
for example, such as benzo[a]pyrene (B[a]P) (Balk et al., 1984; Stein et al., 1984; 
Andersson, 1992; Pangrekar and Sikka, 1992). 
Encouragingly, there is an increasing number of experimental studies where 
cytochrome P-450 activity and immune functions have been monitored simultaneously in fish 
exposed to environmental contaminants. For example, Rice and Schlenk (1995) gave channel 
catfish (lctalurus punctatus L.) i.p injections of PCB 126 at doses of 0.0 I, 0.1 and 1.0 mg 
kg"1 , observing a dose-related induction of hepatic cytochrome P-4501 A activity after 3 and 7 
days. There was also concurrent evidence of a dose-related inhibition of NBT reduction by 
head kidney phagocytes and suppression of the activity of kidney nonspecific cytotoxic 
(NCC), suggesting that modulation of these immune functions followed the time course and 
dose-response of cytochrome P-4501A activity. Lemaire-Gony et al. (1995) adopted a 
similar approach with PARs, giving sea bass (Dicentrarchus labrax L.) i.p. injections of 20 
mg kg- 1 ofB[a]P. They observed that at 14 h post-injection, there was a 21-fold induction in 
hepatic EROD (7-ethoxyresorufin-0-deethylase) activity, an inhibition of splenic H20 2 
production and marked increase in H20 2 production by kidney cells. These biochemical and 
immunological parameters were all further affected in sea bass exposed to a mixture of 
cadmium and B[a]P. However, trends within these results are perhaps less clear than are 
those reported from the work by Rice and Schlenk ( 1995) since Lemaire-Gony et al. ( 1995) 
did not include multiple doses of B[a]P in their experimental design, nor did their sampling 
approach allow the analysis of the time course of biochemical and immunomodulatory effects. 
Further convincing evidence of the role of PAH metabolism and the possible mechanism of 
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PAH-induced immunosuppression in fish is provided by Faisal and Huggett ( 1993). These 
workers used the in vitro proliferation of spot kidney lymphocytes as an index of cellular 
immune function (with concanavalin (Con A) as a T-lymphocyte mitogen), observing a dose-
dependent inhibition of cell proliferation when lymphocytes were exposed in vitro to either 
B[a]P or its metabolite, B[a]P-7,8- dihydrodiol (B[a]P-DH). Subsequently, lymphocyte 
cultures were eo-incubated with B[a]P or B[a]P-DH in the presence or absence of a.-
naphthaflavone (ANF) (a known cytochrome P-450 inhibitor), demonstrating that addition of 
ANF to solutions of either B[a]P or B[a]P-DH blocked the inhibition of in vitro lymphocyte 
proliferation and giving convincing evidence that this aspect of cellular immunomodulation in 
fish is mediated by cytochrome P-450 metabolism of PAHs such as B[a]P (Faisal and 
Huggett, 1993). 
Given the evidence that fish metabolise both PAHs and PCBs via the cytochrome P-
450 enzyme system, this mechanism may explain the further decrease in phenol red reduction 
by the kidney cells of dab currently exposed to P AH plus PCBs versus PCBs only (Figure 
7.1 b). This assumes, however, that the mechanism by which B[a]P has been shown to inhibit 
lymphocyte proliferation in vitro (Faisal and Huggett, 1993) is also true of other non-specific 
lymphoid cell responses. One exciting possibility for future research would be to apply the 
elegant mechanistic approach of Faisal and Huggett (1993) in other situations, including 
consideration of other xenobiotic compounds (including mixtures of PAHs and PCBs), 
additional cellular immune functions and in a variety of other fish species. 
In conclusion, although this experiment provided only short-term data and was 
restricted to the use of single concentrations of each class of contaminant, the results 
suggested that exposure to PAH (± PCBs) contaminated sediment had a significant impact on 
selected immune functions of dab. In contrast, no such effects were observed in fish held on 
sediments spiked with only PCBs. These initial findings suggest that further studies should be 
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initiated to help better define the environmental significance of such contaminated sediments 
for marine fish health. Future investigations need to seek to better control water quality in 
order to prevent the kind of unexpected mortalities experienced herein. Also, consideration 
should be given to using several different dose-levels of the classes of contaminant of interest 
and sampling over several time points in order to define potential dose-response relationships 
for the immune functions of interest. 
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Test substance Exposure Exposure Species Immunological effects Reference 
route concentration 
FISh species: 
Benzo[a]antbracene ip. 0.1- 10 mg kg"1 Rainbow trout After 12 months, observed a reduction in the Walczak et al. 
(x1) phagocytic activity of circulating monocytes (low doses (1987) 
only). 
Benzo[a]pyrene ip. 0.1 - 10 mg kg"1 Rainbow trout After 12 months, observed a dose-related reduction in Walczak et al. 
(xi) the phagocytic activity of circulating monocytes. (1987) 
Benzo[ a]pyrene IMM 2.5 - 250 J.lg r' Brown trout After a further 12 weeks, observed a significant Fisher (1989) 
(3 days) reduction in serum antibody to Aeromonas 
salmonicida, but no effect on allograft rejection. 
Benzo(a]pyrene ip. 20 mg kg"1 (x1) Sea bass Observed reduced phagocytic activity in spleen but not Lemaire-Gony et 
kidney, with B[a]P injection also leading to inlnbition of al. (1995) 
phenol red reduction in cells from both organs. 
Crude oil IMM 30 - soo 11g r' Cod P AH exposure produced increased prevalence of gill Khan and 
0: PAH; 12 wks) monogenean infection. Kicenuik (1988) 
Crude oil IMM so- 100 J.lg r' Cod and P AH exposure produced increased prevalence of gill Khan (1990) 
N 
0 0: PAH; 12 wks) Longhom sculpin infection with Trichodinia sp .. 
--..] 
7,12-Dimethyl- ip. 0.6- 12.7 mg kg"1 Chinook salmon O:MBA did not affect kidney primary PFC responses; Arkoosh et al. 
benz[ a]antbracene (x1) secondary PFC responses to TNP-LPS were inhibited (1994) 
(DMBA) (kidney and spleen); no effect on secondary PFC 
responses to TNP-KLH 
Aquatic invertebrate species: 
F1uoranthene IMM 20 - 400 11g r' Common mussel P AH exposure led to increased numbers of circulating Coles et al. 
(7 days) haemocytes and increased ROS production. (1994) 
Naphthalene IMM 0.1- IOmg r1 American oyster No evidence of a dose-response in haemocyte Larson et al. 
(96 brs) chemiluminescence. (1989) 
Table7.5 Effect of experimental exposure to individual P AHs and other aromatic hydrocarbons on immune function in fish 
and aquatic invertebrates (IMM -Immersion; i.p. - intra-peritoneal; LPS -Lipopolysaccharide; PFC - Plaque Forming Cell; 
and TNP - Trinitrophenol). 
N 
0 
00 
Test material Contaminants 
present/suspected 
Fish species: 
Sediments from P AHs and heavy 
Liverpool Bay, UK metals 
Sediments from P AHs and heavy 
Liverpool Bay, UK metals 
Sediments from P AHs and heavy 
Liverpool Bay, UK metals 
Sediments spiked PAHs 
with drilling rrruds 
Sediments from P AHs and PCBs 
Rotterdam Harbour 
Aquatic invertebrate species 
Sediments from PAHs 
Elizabeth River, 
USA 
Sediments from PAHs, PCBs and 
Rotterdam Harbour, heavy metals 
the Netherlands 
Species 
Dab 
Turbot 
Dab 
Dab 
Flounder 
American oyster 
Brown shrimp 
Immunological effects 
After 12 weeks, observed reduced serum antibody titres to 
Vibrio anguillarium in contaminant exposed fish. 
After 28 weeks, reported no effects in terms of kidney 
phagocyte chemiluminescence. 
After 20 weeks, observed increased numbers of circulating 
phagocytes and reduced thrombocyte numbers in contaminant 
exposed fish. 
After 4 weeks, observed a reduction in serum lysozyme activity 
and phagocytic ROS production, increased serum bactericidal 
activity, circulating lymphocytes and increased numbers kidney 
antibody-secreting cells. 
After 3 years, observed a reduction in the numbers of fish which 
were antibody-positive against lymphocystis virus. 
After 11 weeks, haemocyte phagocytic responses were 
unaffected while there was a decreased expression of Con A 
binding sites. 
After 12 days, animals exposed to dredge spoils had increased 
haemolymph volumes and reduced total haemocyte counts. 
Reference 
Bucke et al. 
(1989) 
Field (1990) 
Pulsford et al. 
(1992) 
Tahiretal. (1993) 
Dixon et al. 
(1996) 
Sami et al. ( 1993) 
Smith et al. 
(1995) 
Table7.6 Effect of laboratory exposure to sediments containing PAHs and/or PCBs on immune function in fish and aquatic 
invertebrates (EROD • Ethoxyresoruf"m 0-deethylase; lg • Immunoglobulin; IMM • Immersion; LPS -
Lipopolysaccharide; NCC • Nonspecific cytotoxic cell; PFC • Plaque Forming Cell; PHA - Phytohaemagglutanin; SRBC • 
Sheep Red Blood Cell; and TNP - Trinitrophenol. 
CHAPTERS 
GENERAL DISCUSSION AND CONCLUSIONS 
This study has been successful in meeting the original aims of: (1) developing a suite of assays 
of marine flatfish immune function; and (2) deploying these techniques in both field and 
laboratory investigations of the impact of important marine environmental contaminants on 
the immunocompetence of marine flatfish. The author's publications representing some of the 
key stages of this work are included in Appendix I. 
Initially, equipment and facilities that were traditionally used for other purposes with 
the Brixham Environmental Laboratory were adapted for use in this project (e.g. by adapting 
the scintillation counter for measuring phagocyte chemiluminescence); subsequent method 
development progressed significantly when rnicrotitre plate technology became available 
(chapter 3). The availability of such apparatus facilitated the development of several tests for 
quantifying both humoral (e.g. serum total protein level, lysozyme activity and antibody titre) 
and cellular (e.g. phagocytic production of 0 2• and H20 2) immune function in dab, L. limanda 
(L.), and turbot, S. maximus (L.). The ability of this technology to allow the processing of 
large numbers of samples per treatment also helped to improve the experimental designs used 
in the latter phases of the overall study. This is illustrated by the fact that it was possible to 
assess a wider range of immune functions in the latter phases of the project (chapters 6 and 7) 
as compared with previous experiments (chapter 5). 
The practical benefits associated with microplate technology in the study of 
immunocompetence of marine organisms have also been promoted by other workers (Pipe et 
al., 1992). Importantly, the portability of the microtitre plate equipment allowed the author 
to participate in the collaborative investigation held elsewhere in the UK (chapter 7). It is 
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also noteworthy that new applications for this technology are continually being developed for 
use in fisheries research, for example, in the analysis of cell proliferation in vitro (Daly et al., 
1995). 
In terms of the second aim of monitoring marine fish immune function in the context 
of environmental contaminants, initial work took place during the March 1990 ICES/IOC 
Bremerhaven workshop (chapter 4). This preliminary study involved the analysis of 
differential lymphoid cell counts in dab sampled from a North Sea contamination gradient, the 
results suggesting that there were differences between the lymphoid organs of fish collected 
from inshore (most contaminated) to offshore (less contaminated) sites. Perhaps as important 
as the actual data gathered during this exercise was the opportunity to participate in such a 
unique exercise, involving over 100 international scientists working in the fields of marine 
biochemistry, molecular and cellular pathology, fish disease monitoring, ecotoxicology, 
chemistry and ecology (Stebbing et al., 1992). One of the problems encountered during the 
workshop related to the timing of the survey, with concern being expressed that it was 
particularly challenging to identify contaminant related trends in the health of fish when the 
southern North Sea dab population was undergoing spawning during the March 1990 
sampling period (Addison, 1992). Although such concerns did not specifically address 
immune function in the fish populations, these discussions emphasise the need to be aware of 
such seasonal trends when designing such environmental quality monitoring exercises. 
With this issue in mind, and as a complementary activity to the Bremerhaven 
workshop, a small-scale field monitoring study was undertaken with the aim of defining the 
seasonal variability in non-specific immune function in wild populations of dab sampled from 
the English Channel (chapter 4). This work suggested that there were significant differences 
in serum total protein levels and lysozyme activity in serum of dab collected from this area 
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during the period November 1992 to October 1993, with these parameters tending to be 
minimal during the spring period associated with low sea temperature and spawning activity. 
This exercise also showed that serum lysozyme levels were affected by handling, thus 
emphasising the need to carefully consider handling or transport stress in such field 
monitoring studies. 
A total of three experimental studies was undertaken successfully on the effects of 
cadmium (chapter 5), PCBs (chapter 6) and PAHs and/or PCBs (chapter 7) on immune 
function in either dab or turbot. The study of cadmium immunotoxicity showed that in vivo 
exposure of dab to sea water containing cadmium at between 1/5 and 1120 of the 96 h LC50 
value (35 mg Cd2+ 1" 1) was able to induce a dose-related reduction in kidney phagocyte ROS 
production (as measured by chemiluminescence), although it should be emphasised that the 
levels of cadmium used were far higher than would be expected in nature. 
While the subsequent experiments (chapters 6 and 7) continued to examine ROS 
production as an important immune function, the emphasis was to examine a broader range of 
immune functions in fish exposed to environmentally realistic levels of P AH and/or PCB 
contamination. Taking into account the fate of these important classes of contaminants in 
marine ecosystems, fish were exposed to sediments experimentally spiked with known 
quantities of these organic compounds. Overall, it appeared that exposure of turbot for up to 
4 months to sediments containing 48.7 J.lg kg·' dry wt (as :EICES 7 congeners) did not have a 
major impact on either non-specific or specific immune functions when compared with the 
effect of primary and secondary immunisation with Keyhole Limpet Haemocyanin (KLH). 
Exposure of dab for 7 days, however, to sediments spiked with PAHs led to a significant 
disruption in kidney cell ROS production. These observations were discussed with respect to 
the current understanding of the mechanisms of chemical toxicity likely to be involved in such 
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examples of immune dysfunction (namely, the response of the neuroendocrine system to 
general stressors versus direct immunotoxic effects due to the activity of the cytochrome P-
450 enzymes within the lymphoid organs of marine teleosts). 
It is concluded that, given the present limited status of our understanding of 
mechanistic effects of important marine contaminants on immunity in fish, there is a continued 
need for experimental studies in this area of ecotoxicology. Indeed, it has been recently 
emphasised in the conclusions to the Bremerhaven workshop that further laboratory studies 
aimed at defining causal relationships between toxicants and immunity in fish should be given 
priority over field monitoring exercises (Stebbing et al., 1992). Such a mechanistic approach 
is most likely to provide an insight into the principles involved in how fish and other marine 
organisms maintain an effective host-defence capability in the presence of a wide variety of 
natural and anthropogenic toxicants. Given that there is also extensive evidence of an 
important relationship between the immune function and the development of neoplastic 
disease in mammals (Gentile and Gentile, 1994), it is also likely that such a mechanistic 
approach will be relevant to our understanding of cancer in fish and other lower vertebrates. 
Again, this issue is directly relevant to the important goal of regulators, scientists and 
environmental managers in avoiding the contamination of marine ecosystems with chemicals 
which may cause cancer or infectious disease outbreaks in wildlife populations. It is hoped 
that the information generated during this period of study will contribute to the answers to 
these important questions. 
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Protocols have been successfully developed for collecting kidney phagocytes 
from dab (Limanda limanda L.), based on the adherence of cells to plastic 
microtitre plates. For comparative purposes, cell adherence was quantified 
using both total protein measurements (the more rapid method) and counts of 
lysed adherent cell nuclei. There was a positive correlation (r"=0·67, P<0·01) 
between the quantity of total protein per well as compared with the numbers 
of adherent cell nuclei per well. Cell adherence was significantly reduced 
following the addition of Foetal Calf Serum (FCS) (0·1-10% vjv) to the tissue 
culture medium (HBSS supplemented with heparin and penicillin/ 
streptomycin). Adherence was optimal following the addition of 2·6 x 10S 
kidney cells per well, suspended in FCS-free culture medium. For fish main-
tained in sea water at 15 ± 1" C, cell adherence after 2 h incubation was 
highest at 20 ± 1" C, as compared with incubation temperatures of 15 or 
25( ± I)" C. Adherence was also enhanced when using tissue culture grade 
polystyrene microtitre plates which had been pre-treated by the manufacturer 
with corona-discharge. Finally, intracellular production of superoxide anion 
(02 -) was measured in adherent cells using the nitroblue tetrazolium (NBT) 
assay, whereby 0 2 - production increased in proportion to the number of 
adherent cells per well. The results provide a baseline for future investiga-
tions of intracellular 0 2 - production by the phagocytes of dab and other 
species of marine flatfish. © 1995 Academic Press Limited 
Key words: marine fish, Limanda limanda, phagocyte assays, adherence, 
respiratory burst, nitroblue tetrazolium. 
I. Introduction 
Concern over disease prevalence in marine fish sampled from chemically 
contaminated areas has led to recognition of the need to develop methods for 
evaluating immune function in wild fish populations (I.C.E.S., 1989, 1991). In 
the North Sea, populations of dab Limanda limanda (L.) often appear to have 
a higher prevalence of infectious disease as compared with other marine fish 
sampled from the same area. Therefore, the dab is recommended for fish 
disease and associated marine pollution monitoring programmes in European 
tAuthor to whom correspondence should be sent. 
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coastal waters (Stagg, 1991; Vethaak & ap Rheinhalt, 1992). This species has 
also been examined in various laboratory investigations of immune function, 
fo1· example, following exposure of fish to contaminated sediments (Bucke 
et al., 1989), sewage sludge (Secombes et al., 1992) and drilling muds (Tahir 
et al., 1993). 
In contrast to those fish species that are of importance in aquaculture, there 
is a relative paucity of data on immune function in wild populations of marine 
fish. It is therefore necessary to adapt the various assays of immune function 
which have been developed successfully for cultured fish species for use in 
dab and other fish species employed for environmental monitoring. One 
such procedure of ·interest is the nitroblue tetrazolium (NBT) assay, which 
measures the intracellular production of superoxide anion (02 -) during the 
respiratory burst of phagocytic cells (namely, circulating monocytes and 
neutrophile and tissue phagocytes). In practice, an essential prerequisite for 
deploying the microtitre plate NBT assay is the availability of methods for 
collecting the phagocytes from important lymphoid tissues, such as the 
anterior kidney. One approach to phagocyte collection is to incubate kidney 
cells on glass slides or in polystyrene microtitre plates and, after the incuba· 
tion period is complete, the non-adherent cells are discarded by thorough 
washing. This leaves the adherent phagocytes (typically, macrophages) 
attached to the glass slide or to the well surface and ready for further 
experimentation (Pick & Mizel, 1981; Daniels, 1988; Secombes, 1990). 
While protocols have been developed for the successful collection of 
adherent phagocytes from various freshwater fish species (Secombes, 1990), 
such information appears lacking for marine flatfish. A further complication 
which may affect the successful transfer of protocols between certain fish 
species is that there may be greater variation in the state of phagocyte 
activation and adherence in fish caught from wild stocks compared with 
animals reared in controlled husbandry facilities. 
An investigation was therefore undertaken with the aim of optimising the 
protocol for collecting dab kidney phagocytes by adherence in microtitre 
plates, and to apply the NBT assay to the phagocytes in vitro. Based upon the 
methods described by other workers for freshwater teleosts, the following 
parameters were considered: the effects of Foetal Calf Serum (FCS) concen· 
tration in the culture medium; incubation temperature; the optimal quantity 
of kidney cells required per well; and, the type of microtitre plate employed as 
the solid matrix for supporting the cells. Bearing in mind the overall aim of 
developing methods to assess immune function for environmental monitoring 
purposes, attention was also given to possible means of increasing the rapidity 
and reliability of measuring cell adherence. Consequently, cell adherence was 
evaluated using both microtitre plate measurements of the quantity of total 
protein per well (Pick & Mizel, 1981) and microscopical counting of the 
stained nuclei from lysed adherent cells (Secombes, 1990). Finally, in order to 
ascertain whether the adherent cells collected from the dab kidney were 
functional in terms of the respiratory burst, the NBT assay was deployed 
according to the method of Secombes (1990) and used to measure in vitro the 
intracellular production of 0 2 - with respect to the numbers of adherent cells 
per well. 
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11. Materials and Methods 
HOLDING CONDITIONS 
Fish were held in 75 litre capacity glass tanks (without sediment) with the 
sides covered in black plastic. Natural sea water, controlled to 15 ± 1" C, was 
filtered to 10 pm before being supplied to each tank at a rate of 18 litres h- 1• 
The laboratory photoperiod was 16 h light and 8 h darkness with 10 min 
transition periods (dawn-dusk sequence) at 06:00 and 22:00 h. Healthy juvenile 
dab (approximately 80 cm in length and weighing 70 g) were collected by otter 
trawl (approximately 15 min duration) from Lyme Bay, Devon, UK. On arrival 
at the laboratory, four fish were randomly allocated to each of the tanks and 
fed ad libitum on frozen cooked mussel (Mytilus edulis). The dissolved oxygen 
concentration of the sea water was measured weekly, and the sea water pH, 
salinity and temperature values were recorded daily. The observed ranges in 
these parameters were: dissolved oxygen, 4·6 to 7·8 mg I - 1; pH, 7·81 to 8·12; 
salinity, 34·40 to 35·30%.; and temperature, 14·7 to 15·5" C. 
CELL SUSPENSION PREPARATION 
The anterior kidney (pronephros) of fish is generally considered to contain 
the greatest proportion of lymphoid tissue. However, in the dab it was not 
possible to identify accurately the pronephros by eye and therefore the entire 
kidney was dissected out for experimental purposes. Fish were euthenised in 
benzocaine (approximately 50 mg 1- 1), the entire kidney carefully removed 
and placed in a manual tissue homogenizer containing phenol red-free Hank's 
Buffered Salt Solution (HBSS), supplemented with 10 Units ml- 1 of heparin 
and penicillin (100 )lg ml- 1)/streptomycin {100 Units ml- 1) (P/S). Following 
gentle homogenisation of the tissue in a manual glass homogenizer, the 
supematant containing the cells was collected in 10 ml plastic tubes, centri· 
fuged (400 g; 5 min; 15" C) and the supernatant discarded. The cells were 
washed twice in fresh HBSS (with heparin and P/S) and then resuspended at 
the required density. Viability of the cells was consistently above 95% based 
on the trypan blue exclusion method (Hudson & Hay, 1989). The cells were 
considered to be mainly leucocytes since the tubule cells of the kidney were 
effectively disrupted during the homogenisation procedure. Unless specified 
otherwise, all reagents were purchased from Sigma Chemical Company, U.K. 
CELL SEPARATION USING PERCOLL 
In previous experiments, dab phagocytes were collected using centrifu-
gation on a discontinuous Percoll density gradient (Field, unpublished data). 
Phagocytic activity was measured using chemiltiminescence and was detected 
in cells taken from bands 2 and 3 (i.e·. those cells at the 1·033/1·042 and at the 
1·042/1·051 density interfaces). In the present study, a preliminary experiment 
suggested that, for practical purposes, it was possible to omit this density 
centrifugation, provided that sufficient prior care was taken to exsanguinate 
the fish via the caudal vein.·Therefore, unseparated dab kidney cells were used 
for the major phase of the cell adherence studies reported herein. 
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FACTORS INFLUENCING CELL ADHERENCE 
Effect of FCS on cell adherence 
After washing the cells as described above, the cells were re-suspended at a 
density of 2·5 x 107 cells ml- 1 in HBSS (plus heparin and P/S) containing FCS 
(Sigma, product code S-9510) at concentrations of zero, 0·1, 1·0 and 10% (v/v), 
the temperature being maintained at 15 ± 1' C. The cell suspensions were 
added to tissue culture grade, 96-well, flat-bottomed microtitre plates (Costar 
U.K. Ltd., product code 3595) at a rate of lOOp! well- 1. The plates were then 
incubated at 20 ± 1' C for 2 h under humid conditions in a sealed plastic 
container. At the end of the incubation period, the supernatant in the wells 
was discarded using a single vigorous shake and lOOp! of fresh HBSS (plus 
heparin and P/S) added to each well. This step was repeated a total of three 
times so as to ensure that all the non-adherent cells were removed. Half of the 
wells for each treatment were then used for quantifying cell adherence in 
terms of the number of lysed nuclei present after crystal violet staining and 
the results expressed as the percent adherence (Secombes, 1990). The remain-
ing wells were used for the quantitation of total protein by first digesting the 
cells with the addition of 1 N NaOH (50 pi wen- 1) and allowing the plate to 
stand overnight (approximately 12 h) in a humid sealed container maintained 
at 20 ± 1' C (adapted from Pick & Mizel, 1981). Next day, the total protein per 
well was measured using the method of Lowry et al. (1951) against a standard 
curve for Bovine Serum Albumin. Cells from a total of three fish were used for 
each treatment, with four replicate wells per fish. 
Effect of initial cell number on cell adherence 
Following the method described for the previous experiment, cells were 
prepared in HBSS (plus heparin and P/S) at between 0-625--5·0 x 107 cells ml- 1 
and maintained at 15 ± 1' C. The cell suspensions were then added to tissue 
culture grade, 96-well, flat-bottomed microtitre plates (Costar U.K. Ltd., 
product code 3595) at a rate of 100 pi well- 1• The plates were then incubated 
at 20 ± 1' C for 2 h under humid conditions in a sealed plastic container. At the 
end of the incubation period, non-adherent cells were removed by thorough 
washing and the cell adherence measured as described above. Cells from a 
total of three fish were used for each treatment, with four replicate wells 
per fish. 
Effect of temperature on cell adherence 
Kidney cells were prepared in HBSS (plus heparin and P/S) at a density of 
2·6 x 107 cells ml - 1 as described above. Initially, the temperature of the 
culture medium and cell suspensions was maintained at 15 ± 1' C. The cell 
suspensions were then added to tissue culture grade, 96-well, flat-bottomed 
microtitre plates (Costar U.K. Ltd., product code 3595) at a rate of lOO,ul per 
well and the plates then incubated under humid conditions at either 15, 20 or 
25( ± 1)' C for 2 h in a sealed plastic container. At the end of the incubation 
period, non-adherent cells were removed by thorough washing and cell 
adherence measured as described above. Cells from a total of three fish were 
used for each treatment, with four replicate wells per fish. 
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Effect of Microtitre Plate Type on Cell Adherence 
A total of eight different types of microtitre plate were evaluated at this 
stage of the study and were selected based upon the information provided by 
their manufacturers. Kidney cells were prepared in HBSS (plus heparin and 
P/S) at a density of 2·5 x 107 cells ml- 1 and maintained initially at 15 ± 1" C. 
The cell suspensions were then added to the various microtitre plates at a rate 
of 100 JLl per well. The plates were then incubated under humid conditions at 
20 ± 1" C for 2 h in a sealed plastic container. At the end of the incubation 
period, non-adherent cells were removed by thorough washing and the cell 
adherence measured as described above. Cells from a total of three fish were 
used for each treatment, with four replicate wells per fish. 
EVALUATION OF INTRACELLULAR O,- PRODUCTION 
Using the results from the previous optimisation experiments, the intracel-
lular production of 0 2 - was evaluated using the NBT assay, and the data 
compared with the number of adherent cells per well. Kidney cells were first 
prepared in HBSS (plus heparin and P/S) at a density of 2·5 x 107 cells ml- 1 
and maintained initially at 15 ± 1" C. The cell suspensions were then added to 
two separate microtitre plates (Costar U.K. Ltd., product reference 3595) at 
100JL1 per well. Both plates were then incubated under humid conditions at 
20 ± 1" C for 2 h in a sealed plastic container. At the end of the incubation 
period, non-adherent cells were removed by thorough washing and the cell 
adherence was measured as described above in one plate (the other being used 
for the NBT assay). 
For the NBT assay, a 2·0 mg ml- 1 solution of NBT was prepared in FCS.free 
HBSS (including heparin and P/S). Since it was difficult to dissolve the NBT 
fully, the suspension was warmed to approximately 50" C for approximately 
30 min. The suspension was then centrifuged (400 g; 5 m in; 15" C) and the 
yellow supernatant used for experimental purposes. A 1·0JLgJLl- 1 stock 
solution of phorbol myristate acetate (PMA) was prepared in ethanol and 
stored at approximately - 25" C. To stimulate the adherent phagocytes, PMA 
was added to some of the NBT solution so as to produce a working concen-
tration of 1·0 JLg PMA ml- 1. In order to confirm that any reduction of the NBT 
was specifically due to 0 2 -, a 2·0 mg ml- 1 solution of NBT was supplemented 
with 300 Units ml- 1 of superoxide dismutase (SOD) as described by Secombes 
(1990). For comparative purposes, the spontaneous rate of NBT reduction was 
also monitored in adherent cells incubated in the absence of PMA under 
otherwise identical conditions. 
To start the assay, 100 JLl of the NBT/PMA solution was added to each of the 
treatment wells containing the adherent cells. Control wells each received 
100 JLl of a solution containing 2·0 mg NBT ml- 1, 1·0 JLg PMA ml- 1 and 300 
Units SOD ml- 1• The plates were then incubated at 15 ± 1" C for 1 h, after 
which the supernatant was removed and the reaction stopped by the addition 
of 100 JLI well- 1 of absolute methanol. The wells were then washed three times 
with 70 JLI well- 1 of 70% methanol and were then dried overnight at approxi-
mately 50" C. Next day, 120 JLl of 1 M KOH and 140 JLl of DMSO were added to 
each well and the plate gently shaken in order to dissolve the dark blue 
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Fig. 1. The effect of FCS on dab (L. limanda L.) phagocyte adherence after 2 h at 
20 ± 1• C (using an initia l loading of 2·5 x 106 cells per well). Values as mean ± S.E. 
(N=3). ~ % adherence; - • - , total protein; *, **denotes significantly different 
from 0% FCS at P<0-05 and P<0-01 (ANOVA), respectively. 
formazan particles (Rook et al., 1985). The absorbance of the solutions in each 
well was then measured at 620 run using a Multiskan microtitre plate reader 
(Labsystems, U.K.) . After subtraction of the blank values, results were 
expressed as the A620 per welL Cells from a total of three fish were used for 
each treatment, with four replicate wells per fish. 
STATlSTICAL ANALYSES 
Prior to comparing the data from individual treatments, the raw data were 
tested against the assumptions of normality and homogeneity of variance and 
then analysed using two-way analysis of variance (Soka1 & Rohlf, 1981). The 
correlation between the number of adherent cell nuclei and total protein data 
was calculated based on the combined results of all the cell adherence 
experiments. 
Ill. Results 
EFFECT OF FOETAL CALF SERUM ON CELL ADHERENCE 
For clarity, the results of the cell adherence experiments are discussed 
primarily in terms of the percent adherence data, a lt hough these values are 
supplemented with the corresponding total protein data in the following 
Figures. Incubation of dab kidney cells in culture medium containing increas-
ing concentrations of FCS resulted in a decline in the percent adherence 
values (Fig. 1). The use of FCS concentrations of zero, 0·1, 1·0 and 10% (v/v) 
resulted in mean percent adherence values of approximately 21, 9, 7 and 4%, 
respectively. However, compared with the percent adherence values of cells 
from fish incubated in the absence of FCS, the reduction was only significant 
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Fig. 2. The effect of the initial cell loading per well on dab (L. limanda L.) phagocyte 
adhel"ence after 2h at 20± l "C (without FCS). Values as mean ±S.E. (N=3). 
~. % adherence; - • - , total protein; *, **denotes s ignificantly different from 
0·625 x 106 cells well - 1 at P<0·05 and P <O·Ol (ANOV A), respectively. 
in cells exposed to 10% FCS (ANOVA, P<0·05). The inverse relationship 
between the degree of cell adherence and FCS concentration was a lso cleru·ly 
reflected by the total protein data. 
EFFECT OF IN!TlAL CELL NUMBER ON CELL ADHERENCE 
At addition rates of between 0·625- 2·5 x 106 cells per well, there was no 
significant change in the percent adherence values (Fig. 2). Compared with the 
lowest addition rate of 0·625 x 106 cells per well, however, the percent 
adherence of cells decreased sign ificantly when using 5·0 x 106 cells per well 
(ANOVA, P <0·05). In contrast, based on the total protein quantity per well , 
cell adherence was optimal when using an addition rate of 2·5 x 106 cells 
per well. 
EFFECT OF INCUBATION TEMPERATURE ON CELL ADHERENCE 
In terms of the percent adherence data, there was a clear relationship 
between dab kidney cell adherence and the temperature during the 2 h 
incubation period (Fig. 3). The mean percent adherence values at 15, 20 and 
25" C were approximately 8, 14 and 16%, respectively, and there was a 
significant increase in the percent adherence values after incubation at 25" C 
compared with 15• C (ANOVA, P <0·05). Based on the total protein data, 
however , cell adherence peaked after incubating cells for 2 h at 20" C, 
although there was a slight decline in adherence in cells incubated at 25" C. 
Compared with the 15" C treatment, there were significant increases in the 
total protein concentrat ions after incubating cells at 20" C (ANOVA, P < 0·01) 
and 25" C (ANOVA, P <0·05). 
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Fig. 3. The effect of incubation temperature on dab (L. limanda L.) phagocyte 
adherence after 2 h (using an initial loading of 2·5 x 106 cells per well, and without 
FCS). Values as mean± s.E. (N=3). ~ % adherence; - • - , total protein; 
*, **denotes significantly different from 15" C at P<0·05 and P <O·Ol (ANOV A), 
respectively. 
EFFECTS OF MICROTITHE PLATE TYPE ON CELL ADHERENCE 
Although the trends in the percent adherence and total protein data did not 
always agree precisely, it appeared overall that the tissue culture grade 
microplates A (Costar U.K. Ltd., product code 3595), B (Costar U.K. Ltd., 
product code 3596) and F (Greiner, Germany, product code 655180) gave the 
best results (Fig. 4). 
COMPARISON OF METHODS TO QUANTIFY CELL ADHERENCE 
The measurement of cell adherence in terms of the quantity of total protein 
per well was found to be less time consuming compared with the microscopical 
counting of the nuclei from lysed adherent cells. Data for the number of 
adherent cell nuclei per well and the quantity of total protein per well were 
pooled from all the experiments. Regression analysis of these data (N=54) 
indicated a significant positive correlation between these parameters (r=0·67, 
P<0·01). 
INTRACELLULAR SUPEROXIDE PRODUCTION (02 - ) BY ADHERENT KIDNEY CELLS 
Collection of dab kidney cells in the manner described, fo llowed by the 
application of the NBT assay to the adherent cells, produced a clear relation-
ship between the number of cells initially added per well, the numbers of 
adherent cells collected and intracellular 0 2 - production (Fig. 5). For 
example, in response to an initial addition rate of 1·0 x 105 u. 50 x 105 cells 
well - 1, there was an approximate five-fold increase in intracellulru· 0 2 -
production, expressed as the total A620 value per well. Similarly, the number of 
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adherence after 2 h at 20 ± 1" C (using a n init ia l loading of 2·5 x 106 cells per well, 
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Microtitre plate codes (all with 96-well matrix and fiat bottomed wells): A, steri le, 
tissue culture grade plate, pre-treated with corona discharge a nd fitted with low 
evaporation lid; B, as for A but with extra-low evaporation lid; C, as for A but with 
50% reduced well area; D, non-sterile immunoassay plate, without lid; E, sterile, 
high binding capacity immunoassay plate, without lid; F, sterile, pre-treated with 
corona discharge, without lid; G, sterile, t issue culture grade plate, without lid; and 
H, non sterile, immunoassay pla te, without lid. 
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Fig. 5. Intracellular superoxide anion (02 - ) production by dab (L. limanda L.) 
phagocytes in relation to the number of adherent cells per well. Values as 
mean ± s.E. (N=3). m, Number of adherence cells well - 1; e, tota l A6 20 per well. 
adherent cells per well increased by approximately seven-fold in response to 
the same increase in cell addition rates. Following stimulation of the adherent 
kidney cells by PMA, confirmation of the reduction of NBT by intracellular 
0 2 - was achieved by the presence of SOD (Fig. 6). 
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Fig. 6. Intracellular superoxide anion (02 - ) production by dab (L. limanda L.) 
phagocytes in response to PMA stimulation, in the presence or absence of SOD 
(using an initial loading of 5·0 x 106 cells per well, without FCS). Values as 
mean ± s.E. (N=3). 
IV. Discussion 
While preliminary experiments indicated that the kidney leucocytes of dab 
could be successfully separated using Percoll gradients, this procedure is 
relatively time consuming and, for current purposes, was not essential. 
Similarly, Daniels (1988) successfully used the adherence method (using glass 
slides) in preference to density dependent separation in order to harvest 
winter flounder (Pseudopleuronectes americanus) kidney macrophages, 
achieving puri.fications of up to 90%. 
For practical reasons, it was not possible to conduct a detailed morphologi-
cal characterisation of the adherent cells, for example, using Romanowsky 
staining techniques. However, the live adherent cells were observed using a 
Leitz DMIL inverted microscope fitted with relief contrast illumination. Using 
this technique, the adherent cells were generally greater than 12,um in 
diameter, and approximately 50% of the cells were observed to have extensive 
pseudopod format ion. While it was not possible to make detailed observations 
of the nuclei of the live adherent cells, the lysed cell nuclei were consistently 
spherical in shape, and were distinct from the cr escent shaped nuclei observed 
in the granulocytes of marine pleuronectids (Ellis, 1977). However , this is only 
a tentative suggestion since it is possible that the adherent cell nuclei may 
have changed shape dur ing cell lysis. Based on these morphological observa-
tions, it is therefore suggested that a high proportion of the adherent cells 
were probably macrophages. In support of this view, the rates of intracellular 
0 2 - produced by the adherent dab kidney cells were compaxable to those 
reported for salmonid macrophage harvested using a similar protocol 
(Secombes, 1990). 
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Published methods for collecting fish phagocytes by adherence often recom-
mend the use of FCS in the culture medium as a general source of nutrients for 
in uitro cell cultures. The addition, however, of FCS to HBSS at between 0·1 to 
10% (v/v) had a deleterious effect on dab kidney phagocyte adherence in the 
current study (Fig. 1). In contrast, a range of FCS concentrations are 
recommended for use by other workers, and typical examples include: 5% in 
RPMI 1640 culture medium for carp (Bayne, 1986); 10% or 0·1% in L-15 
medium for rainbow trout (Braun-Nesje et al., 1981, 1982; Secombes, 1990); 10% 
for oyster toadfish (Seeley et al., 1990); and 2% for dab (Secombes et al., 1992). 
The coating of glass slides with bovine fibronectin (an extracellular adhe-
sive glycoprotein) has also been shown to aid the adherence of winter flounder 
kidney macrophages held in L-15 medium containing FCS (10%, v/v), giving a 
macrophage purification of 80 to 90% (Daniels, 1988). In agreement with the 
current findings, adverse effects of high FCS concentrations on phagocyte 
adherence have been reported, although concentrations of up to 5% FCS are 
recommended for the longer term culturing of fish macrophages (Secombes, 
1990). Similar trends have been observed separately by Field (unpublished 
data) for dab kidney cells, where the adherence was approximately 14, 4 and 
2% at FCS concentrations of zero, 0·1 and 1·0%, respectively. It therefore 
appears that high concentrations of FCS may inhibit fish phagocyte adher-
ence, although the presence of FCS is important for the long term culture of 
fish phagocytes (i.e. macrophages). As FCS is a mixture of various biochemical 
and immunological factors, the precise reasons for these variations are 
unclear. Experimental variables that should be considered in this context 
include the fish species of interest, whether the animals are from defined 
culture or a wild population, the type of culture medium employed and the 
intended duration of the cell cultures. 
The quantity of kidney cells added to the wells gave somewhat equivocal 
results in the current study, depending upon whether percent adherence or 
total protein levels were used to measure cell adherence (Fig. 2). However, the 
lower mean values for both percent adherence or total protein at 5·0 x 106 cells 
per well compared with 2·5 x 106 cells per well may indicate that at higher 
densities there is clumping of adherent cells, which are inadvertently removed 
during the subsequent washing stage. Based on the information available, it 
therefore appears that Secombes' (1990) recommendation for adding salmonid 
kidney cells at approximately 2·0 x 106 cells per well is also suitable for dab. 
A number of workers have focused upon the effects of temperature variation 
on phagocyte function in fish (see review by Secombes & Fletcher, 1992). In the 
current study, where the fish were held at 15 ± 1• C, raising the incubation 
temperature to 20 ± 1• C produced a significant increase in adherence rates, 
both in terms of the percent adherence and total protein parameters. A further 
cell incubation temperature increase to 25• C resulted in a slight rise in terms 
of the percent adherence but a non-significant decrease in the total protein 
value. Overall, these results suggested that for dab maintained at approxi-
mately 15• C, a temperature of 20 ± 1• C was optimal for kidney phagocyte 
adherence. Similarly, Secombes (1990) recommends using an incubation 
temperature for kidney macrophage adherence that is slightly higher than the 
maintenance temperature for rainbow trout (i.e. 18• C u. 14• C, respectively). 
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The final experimental factor considered for collecting dab kidney cells by 
adherence was the type of microtitre plate used. Although trends in the 
percent adherence and total protein data did not always follow exactly (Fig. 
4), it appeared overall that the tissue culture grade microplates A, B and F 
gave the best results. These were all flat-bottomed, 96-well, sterile microplates 
which had been pre-treated by the manufacturers with corona discharge in 
order to enhance the ionic binding of cells to the polystyrene surface. These 
data emphasise the desirability of comparing a range of microtitre plate 
types when seeking to apply the current method of phagocyte collection to 
non-standard fish species. 
Since many investigations of immune function in fish require the evaluation 
of several biological endpoints, there is great attraction in applying reliable 
and time-saving experimental techniques. For this reason, it was decided to 
compare the cell lysis and nuclei staining method recommended by Secombes 
(1990) with the semi-automated total protein analysis method employed by 
other workers (Pick & Mizel, 1981; Braun-Nesje et al., 1982). Based on the 
pooled data, there was a significant correlation (,-2=0·67) between these two 
parameters, although in some instances during the current study, the relation-
ship was less clear (Fig. 2). For practical reasons, however, the total protein 
analysis method did have the advantage of a significant time-saving over the 
microscopical counting of lysed cell nuclei. 
The final stage of the current investigation was to establish, using the NBT 
assay, that the adherent cells were capable of the intracellular production of 
0 2 - following the optimised collection procedures described. A clear relation-
ship was observed between the adherent cell number and 0 2 - production 
(Fig. 5) following stimulation of the phagocytes with PMA. There was also no 
significant reduction of NBT in the absence of PMA, while the addition of 
SOD to PMA stimulated adherent cells led to an approximate 40% decrease in 
NBT reduction (Fig. 6). As outlined by Secombes (1990), this is probably due to 
the limited internalisation of SOD by the phagocytes and the subsequently 
limited reduction of NBT by intracellular 0 2 -. In conclusion, the results 
indicated that the kidney phagocytes of dab were amenable to collection by 
adherence techniques and that cells collected in this manner were capable, on 
stimulation, to generate intracellular 0 2 - as part of the respiratory burst. 
Our thanks to the crew of MFV Galathea for collecting the animals used in this 
study and to colleagues at ZENECA, Brixham for helping with fish husbandry. Thanks 
also to Andy Riddle of ZENECA, Brixham for his valuable advice on the statistical 
analysis of the data. 
References 
Bayne, C. J. (1986). Pronephric phagocytes of CyprinUB carpio: isolation, separation and 
characterisation. Veterinary Immunology and Immunopathology 12, 141-151. 
Braun-Nesje, R., Bertheussen, K., Kaplan, G. & Seljelid, R. (1981). Salmonid phago-
cytes: separation in vitro, culture and characterisation. Journal of Fish Diseases 
4, 141-151. 
Braun·Nesje, R., Kaplan, G. & Seljelid, R. (1982). Rainbow trout macrophages in 
vitro: morphology and phagocytic activity. Developmental and Comparative 
Immunology 6, 281-291. 
COLLECTION OF ADHERENT DAB PHAGOCYTES 517 
Bucke, D., Dixon, P. F., Feist, S. W. & Law, R. J. (1989). The measurement of disease 
susceptibility in dab, Limanda limanda L., following long-term exposure to 
contaminated sediments. Marine Environmental Research 28, 363-367. 
Daniels, T. G. (1988). The development of an in vitro fluorescent method to test the 
phagocytic engulfment and intracellular bactericidal abilities of phagocytes 
from winter flounder (Pseudopleuronectes americanus). MSc Thesis, University 
of Rhode Island, USA. 
Ellis, A. E. (1977). The leucocytes of fish: a review. Journal of Fish Biology 11, 453-491. 
Hudson, L. & Hay, F. C. (1989). Practical Immunology. London: Blackwell Scientific 
Publications. 
I.C.E.S. (1989). Methodology of fish disease surveys. Report of an I.C.E.S. sea-going 
workshop held on U /F Argos 1&-23 April 1988. Co-operative Research Report 
number 160. International Council for the Exploration of the Sea (I.C.E.S.), 
Copenhagen, Denmark. 
I.C.E.S. (1991). Report of the I.C.E.S. Advisory Committee on Marine Pollution 1991. 
Co-operative Research Report number 177. International Council for the 
Exploration of the Sea (I.C.E.S.), Copenhagen, Denmark. 
Lowry, 0. H., Roseborough, N. J., Farr, A. L. & Randall, R. J. (1951). Protein 
measurement with the Folin phenol reagent. Journal of Biological Chemistry 
193, 265-275. 
Pick, E. & Mizel, D. (1981). Rapid microassays for the measurement of superoxide and 
hydrogen peroxide in culture using an automatic enzyme immunoassay reader. 
Journal of Immunological Methods 46, 211-226. 
Rook, G. A. W., Steele, J., Umar, S. & Dockrell, H. M. (1985). A simple method for the 
solubilisation of reduced NBT and its use as a colorimetric assay for activation 
of human phagocytes by gamma-interferon. Journal of Immunological Methods 
82, 161-167. 
Secombes, C. J. (1990). Isolation of salnwnid macrophage& and analysis of their killing 
activity. In Techniques in Fish Immunology (J. S. Stolen, T. C. Fletcher, D. P. 
Anderson, B. S. Roberson & W. B. van Muiswinkel, eds), pp. 137-154. New 
Jersey: SOS Publications. 
Secombes, C. J. & Fletcher, T. C. (1992). The role of phagocytes in the protective 
mechanisms of fish. Annual Review of Fish Diseases 2, 53-71. 
Secombes, C. J., Fletcher, T. C., White, A., Costello, M. J., Stagg, R. & Houlihan, D. F. 
(1992). Effects of sewage sludge on immune responses in dab, Limanda limanda 
(L.). Aquatic Toxicology 23, 217-230. 
Seeley, K. R., Gillespie, P. D. & Weeks, B. A. (1990). A simple technique for the rapid 
spectrophotometric determination of phagocytosis by fish macrophages. Marine 
Environmental Research 30, 37-41. 
Sokal, R. R. & Rohlf, F. J., (1981). Biometry: The Principles and Practice of Statistics in 
Biological Research (2nd edn.). New York: Freeman & Co. 
Stagg, R. M. (1991). North Sea Task Force Biological Effects Monitoring Programme. 
Water Science and Technology 24, 87-98. 
Tahir, A., Fletcher, T. C., Houlihan, D. F. & Secombes, C. J. (1993). Effect of short· term 
exposure to oil-contaminated sediments on the immune response of dab, 
Limanda limanda (L.). Aquatic Toxicology 27, 71..,'32. 
Vethaak, A. D. & ap Rheinhalt, T. (1992). Fish disease as a monitor for marine 
pollution: the case of the North Sea. Reviews in Fish Biology and Fisheries 2, 
1-32. 
Fish & Shell/ish Immunology (1996) 6, 000-000 
Seasonal trends in serum lysozyme activity and total 
protein concentration in dab (Limanda limanda L.) 
sampled from Lyme Bay, U.K. 
THOMAS H. HUTCHINSON* AND MARGARET J. MANNINGt 
Brixham Environmental Laboratory, ZENECA Limited, Freshwater Quarry, 
Brixham, Devon TQ5 BBA, U.K., tDepartment of Biological Sciences, 
University of Plymouth, Drake Circus, Plymouth PL4 BAA, U.K. 
(Received 7 September 1995, accepted in revised form 8 December 1995) 
Dab serum lysozyme activity was optimal at pH 6·0. While total serum protein 
concentrations remained unaltered, lysozyme activity decreased significantly 
following storage of serum at - 26' C for between 3-21 days. Transport stress 
also resulted in significantly decreased serum lysozyme activity, while total 
serum protein was unaffected. In dab sampled at monthly intervals from Lyme 
Bay, U.K. during November 1992-0ctober 1993, serum lysozyme activity was 
minimal in fish sampled during the February-March spawning (low tempera-
ture) period, and maximal during the September-October (high temperature) 
period. There was also evidence of a complementary seasonal variation in the 
serum total protein concentrations. V 1995 Academic Press Limited 
Key words: Limanda limanda L., season, non-specific immunity, lysozyme, 
marine fish. 
I. Introduction 
There are several published reports indicating significant temporal differences 
in the occurrence of infectious disease outbreaks in wild populations of 
marine fish species. In the North Sea, populations of dab (Limanda limanda 
L.) (Family: Pleuronectidae), for example, have been observed to have 
maximum prevalences of epidermal papilloma and lymphocystis during the 
spawning period (March-May), with minimal prevalences during June to 
October (Wolthaus, 1984; Banning, 1987). Wolthaus (1984) also reported higher 
prevalences of epidermal papilloma and lymphocystis in dab sampled during 
1982 (during which water temperatures had been markedly higher), as 
compared with 1981 (a period of cooler sea temperatures). 
Given that the non-specific immune system of fish constitutes their first line 
of defence against pathogens (lngram, 1980), the present work focused 
upon the seasonal variation in lysozyme activity as an important humoral 
component of this system. Lysozyme (E.C.3.2.1.17, also termed muramidase) is 
an antibacterial enzyme which attacks the peptidoglycan in the cell walls of 
predominantly Gram-positive bacteria, and to some extent, also Gram-
negative bacteria. Lysozyme is localised in the lysosomes of neutrophils and 
• Author to whom all correspondence should be addressed. 
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macrophages and is released into the blood from these cells (Murray & 
Fletcher, 1976). Although the kidney appears to be the major site of lysozyme 
activity in teleosts, the blood is recommended as a more practical, less 
variable tissue for monitoring lysozyme activity in fish (Lie et al., 1989; Mock 
& Peters, 1990). Indeed, such monitoring studies suggest evidence of seasonal 
variations in serum lysozyme activity from selected species of marine fish such 
as the North Sea plaice (Pieuronectes platessa L.) (Fletcher & White, 1976). 
Compared to other marine flatfish species found in the North Sea, dab 
appear to be highly susceptible to various infectious and non-infectious 
diseases, and this species is therefore recommended for use in fish disease 
monitoring programmes (Vethaak & ap Rheinallt, 1992). Consequently, we 
investigated dab serum lysozyme activity in conjunction with total serum 
protein analysis. Following preliminary studies to consider the effects of 
freezing serum and transport stress on serum lysozyme activity and total 
protein concentrations, these parameters were monitored in dab collected 
over a 12 month period from which is generally considered to be a clean area 
of the English Channel. Data on the condition factor, sex and reproductive 
status of the fish sampled, together with sea water temperatures were also 
collected. 
11. Materials and Methods 
FIELD SAMPLING OF FISH 
Fish were sampled from within the area 03'30'W, 50'20'N and 03'25'W, 
50'25'N (within 8 km of Berry Head, Lyme Bay), at a depth of 30-40 m, using a 
3 m beam trawl. Tows were of a maximum 15 min duration. Immediately after 
trawling, fish were carefully placed into a flow-through sea water tank located 
on the trawler and the sea water temperature measured in the tank. Following 
preliminary sampling studies which were conducted at sea (see below), fish 
were routinely returned to the laboratory within approximately one hour of 
collection, placed into 75 I aquaria provided with flow-through sea water at 
ambient temperature, and held for approximately five hours prior to necropsy. 
NECROPSY PROCEDURES 
Fish were euthenised in benzocaine (approximately 50 mg l - 1), and, 
immediately after cessation of breathing, the fish were sexed, measured and 
weighed (non-gutted), after which the caudal peduncle was severed using a 
razor blade and the blood collected in a non-heparinised tube. The complete 
gonad and liver were excised and weighed. The non-gutted condition factor 
(K), gonadosomatic index (GSI) and hepatosomatic index (HSI) were calcu-
lated as follows (after Htun-han, 1978): K=[(body weight- gonad weight in 
g)/(length in cm)3] x 100; GSI=(gonad weight in g/whole body weight in 
g) x lOO; and HSI=(Iiver weighting/whole body weight in g) x 100. 
The blood sample was allowed to stand for one hour at 15' C, stored 
overnight at approximately 4' C and centrifuged (10 000 g; 5 m in; 
15' C). Following preliminary investigations, lysozyme activity and serum 
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total protein concentrations were routinely analysed immediately after 
centrifugation. 
MEASUREMENT OF LYSOZYME ACTIVITY 
Serum lysozyme activity was analysed using a microtitre plate adaptation of 
the Micrococcus lysodeikticus (M. luteus) turbidimetric assay described by 
Parry et al. (1965). Since the sensitivity of bacterial cell turbidimetric measure-
ments are inversely proportional to the wavelength of the light used, it was 
decided to reduce the wavelength from the original 540 nm to 450 nm, giving 
an approximate 10% increase in the sensitivity of the bacterial cell analyses 
(unpublished data). All reagents were obtained from Sigma U.K. 
Briefly, a 0·3 mg ml - 1 suspension of freeze-dried M. lysodeikticus was 
prepared in 0·05 M Na2HP04 buffer immediately before use and the pH 
adjusted to 6·0 using a few drops of 1·0 M NaOH. The bacterial cell suspension 
was added to a 96-well microtitre plate (250 pi well- 1) and allowed to 
equilibrate to 15 ± 1" C. Hen Egg White Lysozyme (HEW L), with a specified 
activity of 46 200 Units mg- 1 was used as an external standard. After 
dissolving HEWL in buffer at a concentration of 25 000 Units m!- 1, HEWL 
solution was added to each well (lOp! well- 1) and the linear reduction in 
turbidity measured over a 10 min period at 15 ± 1" C. From these data, the rate 
of change in absorbance at 450 nm (LIA450 min- 1) during the linear stage of the 
reaction was calculated, g1vmg the following standard curve: 
y=O·OOl x +0·0019 (where y=LIA450 min-I; x= Units of activity, as HEWL 
equivalent; expressed as pg of HEWL equivalent per ml of serum (46·2 Units 
pg -I)). 
For determination of the pH dependence of the dab serum lysozyme activity, 
the bacterial cell suspension was prepared in 0·05 M Na2HP04 buffer within 
the pH range 4·0-8·0. Fresh dab serum was added (5·0 pi well- 1) to fresh 
bacterial cell suspensions, the LIA450 min- 1 measured over 2~ min and the 
lysozyme activity calculated with reference to the standard curve. A pH of 6·0 
was used for the monthly measurements of dab serum lysozyme activity. 
TOTAL PROTEIN ANALYSES 
Serum total protein concentrations were measured using a microtitre plate 
adaptation of the biuret method (Holme & Peck, 1993). Briefly, Total Protein 
Reagent'ID was added to the plate at 250 pi well- 1 and allowed to equilibrate 
to 15 ± 1" C. Fresh dab serum was added at 5pl well- 1 and, after 30 min, the 
absorbance read at 540 nm using a Multisoft Multiskan® microtitre plate 
reader. After correcting for the appropriate blanks, serum total protein 
concentrations were calculated based on a calibration curve generated under 
identical conditions using Bovine Serum Albumin (BSA) as an external 
standard. 
STATISTICAL ANALYSES 
The raw data on serum total protein levels and lysozyme activities were 
initially tested against the assumptions of normality and homogeneity of 
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variance, according to Sokal & Rohlf (1981). Where these assumptions were 
met, the data were analysed using two-sided analysis of variance (ANOV A), 
otherwise, the data were analysed for inter-sample differences using Steel's 
many one rank sum (non-parametric) test (Steel, 1959; Sokal & Rohlf, 1981). 
Ill. Results 
CONDITION FACTORS AND ORGANOSOMATIC INDICES 
Summary data for the sex, total length, wet weight, condition factor and 
organosomatic indices of dab sampled during the study are presented in Table 
l. 
EFFECT OF pH ON LYSOZYME ACTIVITY 
In order to ascertain the optimum pH for dab serum lysozyme activity, the 
turbidimetric assay was conducted over a pH range of between 4·0-8·0. Using 
fresh serum from a single fish, the maximum rate of bacterial cell lysis was at 
pH 6·0, with reductions in this rate of approx. 40% and 25% at pH 5·5 and 6·5, 
respectively. 
LYSOZYME ACTIVITY AND TOTAL PROTEIN LEVELS IN STORED SERUM 
Although fresh serum was used throughout the season monitoring study 
reported herein, prior studies were conducted to investigate the possibility of 
storing dab serum at - 26" C prior to analysis. Serum total protein concen-
tration and lysozyme activity were measured in aliquots of fresh sera from 10 
individual fish, and in aliquots of the same sera which were stored at - 26' C 
for either 3 or 21 days (without intermediate thawing or re freezing). Compared 
with fresh aliquots, samples stored for 3 and 21 days had significantly reduced 
lysozyme activities (ANOVA, P<0-05 and P<0-01, respectively) (Table 2). 
There were no significant changes, however, in the total protein concen-
trations in corresponding aliquots of stored versus fresh serum. For practical 
purposes, however, fresh serum samples were also used for the analysis of total 
protein concentrations throughout the seasonal monitoring study. 
TRANSPORT STRESS V. LYSOZYME ACTIVITY AND TOTAL PROTEIN LEVELS 
At the initiation of the seasonal monitoring study, the effects of transport 
stress on lysozyme activity and total protein levels were considered in order 
that this factor could be taken into account when comparing data from the 
subsequent monthly samples. Therefore, fish collected from the same haul 
were placed into the holding tank on the boat and 10 fish were randomly 
selected for immediate sampling of blood. The remaining 10 fish were trans-
ported back to the laboratory (within 60 min), transferred into holding tanks 
at ambient temperature and sampled 5 h later. Serum lysozyme activity was 
reduced by approxmately 26% (ANOVA, P<0·05) in dab sampled on shore in 
comparison to fish from the same haul which were sampled at sea. There was 
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Table 1. Summary of body parameters and organosomatic indices of dab (L. limanda L.) 
sampled from Lyme Bay during November 1992 to October 1993 
No. Total length Wet weight Condition Time factor GSI HSI fish (cm) (g) (K) 
Fish sampled at sea 
Nov 1992 10 18·9 ± 0·4 90± 7 1·31 ± 0·04 
Fish sampled on shore 
Nov 1992 10 19·4 ± 0·3 83± 4 1-15 ± 0·03 
Females-monthly sampling 
Nov 1992 6 19·4 ± 0·3 86±6 1-16 ± 0·05 1-10 ± 0·15 3·12 ± 0·32 
Dec 7 19·4 ± 0·4 99 ± 16 1·33 ±0·18 0·84 ± 0·07 2·55 ±0·28 
Jan 2 18·4 ± 0·5 79 ± 3 1·26 ± 0·05 4·02 ± 0·31 3·26 ± 0·13 
Feb 2 20·6± 0·5 93±3 1·07 ± 0·04 8·48 ±0·62 2·45 ± 0·18 
Mar 3 16·9 ± 1·0 59± 16 1·17 ±0·11 6·39 ±0·69 3·24 ± 0·19 
Apr 4 19·0± 1·0 93± 16 1·31 ± 0·09 0·78 ±0·20 1·76±0·18 
May 7 14·6 ± 0·8 42±7 1·28±0·03 0·87 ± 0·41 2·25 ± 0·13 
Jun 8 15·1 ± 0·4 47 ± 3 1·36 ± 0·06 0·45 ±0·02 2·42 ± 0·13 
Jul 7 15·4 ± 0·3 46±4 1·28 ±0·05 0·52 ±0·07 2·93± 0·27 
Aug 4 17·8 ± 0·7 82±9 1·45 ±0·03 0·47 ±0·04 2·39±0·23 
Sep 6 20·3± 0·4 109 ± 6 1·26 ±0·02 0·79 ± 0·12 2·90±0·30 
Oct 1993 6 19·1 ± 0·7 97 ± 13 1·35 ± 0·04 1·00 ± 0·21 2·44 ±0·22 
Males-monthly sampling 
Nov 1992 4 19·5 ± 0·6 80±4 1·12 ±0·04 0·69 ±0·07 3·09 ±0·29 
Dec 3 18·4 ± 0·7 70±8 1·11 ±0·04 0·92 ±0·18 3-12 ± 0·85 
Jan 8 17·8 ± 0·2 64 ± 4 1-12 ±0·04 1·09 ± 0·13 2·31 ±0·23 
Feb 8 20·8±0·6 81 ±9 1·00 ± 0·14 0·69 ±0·03 1·88±0·12 
Mar 7 16·8 ± 0·6 57 ±8 1-14 ± 0·05 0·57 ±0·08 1·72±0·18 
Apr 6 14·5 ± 0·4 37 ±3 1-19 ±0·04 0·36±0·05 1·99 ± 0·17 
May 3 13·7 ± 0·1 29± 1 1·13 ± 0·02 0·11 ± 0·02 2-45 ±0·39 
Jun 2 15·4 ± 0·3 40±6 1·09 ±0·11 0·05 ± 0·01 2·35±0·05 
Jul 3 16·1 ± 0·7 53±6 1·27±0·03 0·06±0·01 3·65±0·13 
Aug 6 16·6±0·4 63±4 1·37 ±0·05 0·15 ± 0·02 3·05±0·20 
Sep 4 19·9 ± 0·7 103 ± 9 1·28 ±0·03 0·32±0·07 2·24 ±0·32 
Oct 1993 4 19·0 ± 0·7 91 ± 13 1·28 ±0·06 0·76 ± 0·14 2·98±0·20 
Values as mean± s.E. 
K=(body weight (g)- gonad weight (g))/ x lOO/total length (cm)3• 
GSI=Gonad wet weight x lOO/whole body wet weight. 
HSI=Liver wet weight x lOO/whole body wet weight (after Htun-Han, 1978). 
no significant change, however, in the total protein concentration in serum 
from dab sampled either at sea or on shore (Table 2). 
SEASONAL TRENDS IN LYSOZYME ACTIVITY AND TOTAL PROTEIN LEVELS 
Serum was collected from a total of 10 fish per month, and analysed 
for lysozyme activity and total protein concentrations. As there were no 
statistically significant differences between female and male dab in terms of 
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Table 2. Effects of storage conditions and transport stress on dab (L. limanda L.) serum 
lysozyme activity and total protein concentration 
Sample details 
(a) Effect of storage conditions 
Fresh serum 
Stored at - 26" C for 3 days 
Stored at - 26" C for 21 days 
(b) Effect of transport stress 
Fish sampled at sea 
Fish sampled on shore 
Values as mean± S.E. (N= 10). 
Lysozyme activity 
(ug ml- 1) 
25·9± 2·77 
15·8 ± 1·82* 
9·07 ± 1·34** 
31·6±1·93 
23·4 ± 1·2lt 
Total protein concentration 
(mg ml- 1) 
30·8 ± 5·01 
31·4 ± 5·99 
33·1 ± 4·51 
26·4 ± 1·78 
26·8 ± 1·34 
*,**Significantly less than fresh serum from same fish at P<0·05 and P<O·Ol, 
respectively (ANOVA). 
tSignificantly less than in serum of fish sampled at sea P<0·05 (AN OVA). 
either parameter, the values for both sexes were pooled for each month of 
sampling and are presented with the sea temperature data in Fig. 1. 
There was a marked seasonal variation in the serum lysozyme activity of 
dab sampled from Lyme Bay during November 1992-0ctober 1993. Based on 
the mean monthly lysozyme values for all fish (N=10), there was a maximum 
seasonal difference of approximately 8·5-fold between dab collected during 
March and September 1993 (Fig. 1). In general, the lowest values were 
observed in fish examined during February and March (sea temperature 
8·5-8·9" C) and the highest values were observed during September-October 
(sea temperature 16·7-16·9" C). Using the same approach as Fletcher & White 
(1976), monthly lysozyme activity data were compared statistically using 
the maximal data collected during September 1993 as the reference month. On 
this basis, there were significant reductions in serum lysozyme activity in 
November 1992, and during the period January-August 1993 (Steel's test, 
P<0·05). 
Mean monthly serum total protein concentrations from dab sampled during 
the study showed an approximately 1·7-fold maximum seasonal difference (Fig. 
1). The major peak observed during the study was in dab sampled during 
September 1993, with a smaller peak in February 1993. Again, monthly total 
protein levels were compared statistically using the maximal data collected 
during September 1993 as the reference month. On this basis, there were 
significant reductions in serum total protein levels in all other monthly fish 
samples collected during the study. 
IV. Discussion 
Initial experiments indicated that dab serum lysozyme activity was optimal 
when using a buffer pH of6·0, with marked reductions in activity at pH 5·5 and 
6·5. This value was somewhat higher than the optimal value of pH 5·4 for 
lysozyme activity in plaice serum (Fletcher & White, 1973). Published data for 
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Fig. 1. Lysozyme activity and total protein in serum of dab (L. l imanda L.) sampled 
from Lyme Bay, U.K. u. sea temperature. Values as mean± s.E. (N=lO). *,**denotes 
significantly different from September 1993 sample at P<0·05 a nd P<O·Ol, respec-
tively (ANOVA). 0, Lysozyme activity; - • - . temperature (• C); • . total protein 
concentration. 
other marine fish species are sparse, although Llundblad et al. (1984) reported 
optimal lysozyme activity in the haeomopoeitic tissues of the elasmobranchs 
Raja radiata, Chimaera monstrosa and Etmopterus spinax at pH 4·8-5·4. As 
pointed out, by Mock & Peters (1990), caution should be exercised when 
comparing lysozyme activities derived from different experiments, since other 
aspects of the assay conditions (e.g. ion concentrations, type of standard used) 
may need to be considered in order to allow detailed inter-species comparisons 
of the in vitro activity of lysozyme. 
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Preliminary experiments demonstrated reductions of approximately 40% 
and 65% in lysozyme activity in aliquots of dab serum held at - 26. C for 21 
days, respectively. In contrast, there were no significant reductions in terms of 
the total protein concentrations in the serum aliquots. Although there 
appears to be a paucity of data comparing lysozyme activity in fresh versus 
frozen fish serum, a number of authors recommend the storage of serum at 
either - 20• C or - 10• C prior to the analysis of lysozyme activity (Grinde 
et al., 1988; Secombes et al., 1991). The current data illustrated the need, 
however, to demonstrate that such procedures do not affect the accurate 
measurement of serum lysozyme activity. 
The procedure of transporting dab to shore (within approx. 60 min) prior to 
necropsy was shown to cause a significant reduction (26%) in serum lysozyme 
activity (Table 2). Although comparable data do not appear to be available 
from other marine fisheries investigations, other workers have reported 
reduced lysozyme levels in freshwater fish following comparable forms and 
duration of transport stress (Mock & Peters, 1990). It is clearly of practical 
significance that such stress induced effects be considered when conducting 
field investigations of fish immune function. 
For both female and male dab, the K factor data indicated that the fish were 
generally in best condition during late summer, with minimum K values being 
observed in February 1993 (Table 1). The GSI data also indicated that the main 
spawning period of dab in Lyme Bay was during February-March 1993, while 
the low HSI values observed during April 1993 were indicative of the 
post-spawning status of the fish sampled. 
Based on the small sample sizes available per month, no statistically 
significant differences were observed between female and male dab in terms of 
either serum lysozyme activity or total protein levels. While Fletcher et al. 
(1977) observed a significantly decreased serum lysozyme activity in male 
lumpsucker (Cyclopterus lumpus) during the breeding season, the opposite was 
observed in female lumpsucker. Other workers, however, have also not 
observed significant differences in serum lysozyme activity between female 
and male fish (see review by Alexander & Ingram, 1992). On this basis, the 
analysis of the pooled serum lysozyme activity data indicated significant 
differences between fish sampled over the period November 1992-0ctober 
1993. Serum lysozyme activity was minimal during the February-March 
spawning period, and peaked during the September-October period. The 
temporal pattern for serum total protein concentrations was less clear, 
especially with respect to the minimum monthly values, and there appeared to 
be a minor peak in February (possibly coinciding with gonadal maturation) 
and a second major peak in August-September (possibly reflecting the feeding 
status of the fish, bearing in mind the associated K factor and HSI). It 
therefore appeared that while some of the temporal changes in serum lysozyme 
activity might be reflected in total protein levels, there were marked varia-
tions in the relative trends of these parameters. 
Therefore, with the possible exception of the data for November 1992, there 
was a generally consistent seasonal trend in dab serum lysozyme activity 
during the investigation, with low values being associated with low sea 
temperatures, time of spawning and poor condition factor. The patterns of the 
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observations in dab are in ·general agreement with the seasonal trends in 
North Sea plaice serum lysozyme activity (Fietcher & White, 1976), although 
details of the spawning status, body condition and sea temperature were not 
reported during the latter study. Future studies of this nature should ideally 
aim to obtain larger sample sizes and extend over longer time periods than 
were possible during the current investigation. 
Our thanks to the crew of MFV Galathea for collecting the animals used in this 
study. Thanks also to Andy Riddle and John Tapp of ZENECA, Brixham for their 
valuable advice on the statistical analysis of the data and preparation of the 
manuscript, and also to the anonymous referees for their helpful c;omments on an 
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